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Abstract  To  date,  there  are  no  published  MHC  sequenc¬ 
es  from  the  California  sea  lion  {Zalophus  californianus), 
a  thriving  species  that,  by  feeding  high  on  the  marine 
food  web,  could  be  a  sentinel  for  disturbances  in  marine 
and  coastal  ecosystems.  In  this  study,  degenerate  primers 
and  RACE  technology  were  used  to  amplify  near-full- 
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length  {MhcZaca-DQB)  and  full-length  (MhcZaca-DQA) 
expressed  class  II  MHC  gene  products  from  the  periph¬ 
eral  blood  mononuclear  cells  of  two  California  sea  lions 
in  rehabilitation.  Five  unique  Zaca-DQA  sequences  and 
eight  unique  Zaca-DQB  sequences,  all  encoding  func¬ 
tional  proteins,  were  identified  in  the  two  animals,  indi¬ 
cating  the  presence  of  multiple  DQ~  loci  in  this  species. 
An  additional  three  Zaca-DQB  sequences  containing  fea¬ 
tures  compatible  with  pseudogenes  or  null  alleles  were 
also  identified.  Despite  the  identification  of  multiple 
DQA  and  DQB  sequences,  the  degree  of  heterogeneity 
between  them  was  extremely  low.  To  confirm  the  limited 
degree  of  Zaca-DQ  nucleotide  variation  between  indi¬ 
viduals,  we  used  denaturing  gradient  gel  electrophoresis 
to  examine  putative  peptide  binding  region  sequences 
from  the  peripheral  blood  leukocyte-derived  RNAs  of  19 
wild-caught  California  sea  lions  from  physically  distinct 
populations.  The  pattern  of  Zaca~DQ  sequence  migration 
was  identical  between  individuals  and  independent  of 
geographical  region.  This  apparent  Zaca-DQ  sequence 
identity  between  sea  lions  was  confirmed  by  direct 
sequencing  of  individual  bands.  In  combination,  these 
findings  raise  important  questions  regarding  immunoge- 
netic  diversity  within  this  thriving  species,  and  should 
prompt  further  research  into  the  existence  of  a  highly 
polymorphic  sea  lion  class  II  MHC  molecule  with  se¬ 
quence  features  that  support  traditional  peptide  binding 
fimctions. 

Keywords  Mhc  •  Comparative  immunology  •  Veterinary 
immunology  *  California  sea  lion 


Introduction 

The  major  histocompatibility  complex  (MHC)  is  a  fami¬ 
ly  of  highly  polymorphic  genes  encoding  a  set  of  trans¬ 
membrane  proteins  that  are  critical  to  the  generation  of 
immune  responses  (Klein  and  Sato  2000a,  b;  Paul  1999). 
These  cell  surface  glycoproteins  play  a  key  role  in  the 
initiation  of  an  immune  response  by  binding  foreign  pep- 
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tides  and  presenting  them  to  T  cells  (Klein  and  Sato 
2000a,  b;  Paul  1999).  The  polymorphism  of  these  MHC- 
encoded  proteins  ultimately  determines  the  repertoire  of 
antigenic  determinants  to  which  an  individual  is  capable 
of  responding  (Reizis  1998;  Zinkemagel  1979).  The  high 
level  of  MHC  class  I  and  class  II  genetic  variation  found 
in  most  mammals  is  thought  to  be  an  adaptation  to  the 
large  number  of  pathogens  encountered  by  natural  popu¬ 
lations  (Hughes  and  Hughes  1995;  Hughes  and  Yeager 
1998;  Klein  and  Takahata  1990;  Vogel  et  al.  1999).  It  has 
also  been  suggested  that  infectious  disease  epidemics  of 
the  past  have  played  a  central  role  in  determining  the 
MHC  allele  and  haplotype  frequencies  observed  in  popu¬ 
lations  today  (Yuhki  and  O’Brien  1990). 

Genetic  and  antigenic  diversity  of  the  MHC  could 
play  an  important  role  in  a  host’s  ability  to  accommodate 
rapidly  evolving  infectious  agents  that  periodically  afflict 
natural  populations  (Yxihki  and  O’Brien  1990).  Con¬ 
versely,  a  lack  of  variation  at  the  MHC  may  increase  the 
susceptibility  of  an  isolated  population  to  infectious  dis¬ 
ease  epidemics,  with  potentially  catastrophic  consequenc¬ 
es  (Yuhki  and  O’Brien  1990).  Because  of  the  key  role  of 
MHC  diversity  in  disease  susceptibility,  understanding 
polymorphism  of  these  genes,  and  their  products,  is  vital 
in  studying  infectious  disease  ecology  at  a  population 
level.  Furthermore,  MHC  genotyping  can  help  identify 
individuals  or  populations  with  a  low  level  of  immunoge- 
netic  heterogeneity,  and  help  us  imderstand  the  microevo¬ 
lution  of  the  host  immune  system  to  pathogenic  and  envi¬ 
ronmental  influences  (Hedrick  1994;  Hughes  and  Hughes 
1995).  This  is  particularly  important  in  marine  species 
whose  chemical  and  microbial  environment  is  increasing¬ 
ly  influenced  by  anthropogenic  encroachment,  increasing 
their  risk  of  exposure  to  novel  pathogens  (De  Swart  1996; 
Harvell  et  al.  1999).  In  this  study,  we  examined  MHC 
gene  products  from  California  sea  lions  (Zalophus  calif- 
omianus).  This  species  is  of  particular  interest  because 
they,  along  with  other  marine  mammals,  feed  high  on 
the  marine  food  web,  and  are  excellent  sentinels  for  dis¬ 
turbances  in  marine  and  coastal  ecosystems  globally 
(Gulland  1999).  In  addition,  because  of  their  migratory 
and  breeding  behaviors,  there  are  a  small  number  of  Cali¬ 
fornia  sea  lion  populations  that  are  effectively  geographi¬ 
cally  isolated  from  one  another.  This  provides  a  natural 
model  with  which  we  can  examine  the  immunogenetic 
consequences  of  different  regional  pathogenic  and  envi¬ 
ronmental  influences  on  the  MHC  of  a  thriving  species. 

There  are  two  broad  classes  of  MHC  molecules, 
MHC  class  I  and  II,  involved  in  binding  and  presenting 
antigens  to  the  cells  of  the  immune  system.  MHC  class  I 
molecules  predominantly  bind  peptides  from  proteins  de¬ 
graded  in  the  cytosol,  such  as  those  produced  during 
viral  infections.  Class  II  molecules  primarily  bind  pep¬ 
tides  from  proteins  that  originate  outside  the  cell,  such 
as  those  produced  by  extracellular  bacterial  infections. 
Little  is  blown  about  MHC  organization  and  function  in 
marine  mammals.  In  fact,  to  date  there  are  no  published 
California  sea  lion  MHC  sequences.  Since  bacterial  in¬ 
fections  are  an  important  cause  of  morbidity  and  mor¬ 


tality  in  this  species  (Dierauf  et  al.  1985),  we  examined 
the  expressed  products  from  two  California  sea  lion 
MHC  class  II  genes.  This  is  the  first  study  characterizing 
near-full-  and  full-length  (DQB  and  DQA,  respectively) 
MHC  class  n  gene  sequences  in  a  marine  mammal 
species.  These  genes  were  selected  because  trans-species 
conservation  of  class  II  MHC  sequences  has  been  shown 
in  other  mammals  (Bontrop  et  al.  1999;  Erlich  and 
Gyllensten  1991;  Fan  1989;  Gustafsson  et  al.  1990; 
Kupfermann  et  al.  1992;  Slierendregt  et  al.  1992;  Yaeger 
and  Hughes  1999).  While  there  is  limited  information 
regarding  the  MHC  of  species  closely  related  to  the 
California  sea  lion  (order/suborder  Camivora/Caniformia/ 
Pinnipedia)  (McKenna  and  Bell  1997),  the  class  II 
MHC  genes  of  a  related  terrestrial  carnivore,  the  domes¬ 
tic  dog  (order/suborder  Camivora/Caniformia/Canidae); 
Schreiber  et  al.  1998),  have  been  extensively  studied 
(Polvi  et  al.  1997;  Sarmiento  et  al.  1992,  1993;  Wagner 
et  al.  1996,  1998,  1999).  These  studies  show  that  the 
canine  DQA  and  DQB  gene  products  are  polymorphic, 
and  may  be  important  in  generating  peptide-binding 
diversity.  In  this  study,  a  comparative  analysis  between 
California  sea  lion  class  II  MHC  genes  and  their  counter¬ 
parts  in  other  marine  and  terrestrial  mammals  is  de¬ 
scribed.  The  information  gained  from  this  study  will  be 
useful  in  designing  future  studies  to  examine  California 
sea  lion  MHC  immunogenetics  at  a  popxilation  level. 


Materials  and  methods 

Animals  and  sample  preparation 

Caudal  gluteal  venous  blood  samples  from  two  California  sea  lions 
(Zalophus  califomianus)  in  rehabilitation  at  a  rescue  facility  on  the 
central  California  coast  (The  Marine  Mammal  Center,  Sausalito, 
Calif.)  were  collected  into  cell  separation  tubes  (Vacutainer  CPT, 
Becton  Dickinson,  Franklin,  N.J.),  and  used  for  r^id  isolation  of 
peripheral  blood  mononuclear  cells  (PBMCs).  These  cells  were 
cryopreserved  in  liquid  nitrogen  pending  RNA  isolation.  Total  cel¬ 
lular  RNA  was  isolated  by  silica-based  gel  membranes  combined 
with  microspin  technology  (RNeasy;  Qiagen,  Valencia,  Calif.).  The 
isolated  RNA  was  stored  at  -70  °C  prior  to  RACE  (rapid  amplifi¬ 
cation  of  cDNA  ends)  cDNA  synthesis. 

RACE  library  construction 

To  facilitate  the  amplification  of  fiill-length  gene  transcripts,  a 
cDNA  population  was  constructed  using  SMART  RACE  cDNA 
amplification  bts  (Clontech,  Palo  Alto,  Calif.)  according  to  manu¬ 
facturer’s  specifications.  In  brief,  RNA  from  both  aiumals  was 
pooled  into  a  single  sample  and  used  as  a  template  for  cDNA  syn¬ 
thesis.  Adaptor-like  sequences  were  added  to  either  the  5*  or  3' 
end  of  cDNA  fragments  using  RACE  cDNA  synthesis  primers  (5'- 
or  3 '-CDS;  Clontech)  in  two  separate  reactions.  These  modified 
cDNAs  were  generated  from  the  pooled  total  cellular  RNA  by 
MMLV  reverse  transcriptase-driven  first  strand  synthesis  using 
lock-docking  oligo(dT)  primers  and  the  SMART  11  oligo.  The  re¬ 
sulting  5'-  and  3'-modified  cDNA  fragments  were  used  as  tem¬ 
plates  for  subsequent  PCR  and  RACE  PCR  reactions. 

Primer  design  and  RACE  PCR  amplification 

Degenerate  oligonucleotide  primers  recognizing  conserved  re¬ 
gions  of  each  of  two  MHC  class  11  genes,  DQA  and  DQB,  were 
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Table  1  MHC  class  ll>specific  primers 


Name  Primer  sequence 


Specificity  Amplicon 


DQA>U164 

DQA-L413 

DQB-U172 

DQB-L769 

ZCDQAU72 

DQA3'UTR 

ZcDQBUEXID 

DQB3'UTR 

ZcDQAU83 

ZcDQALGC 

ZcDQBU96GC 

ZCDQBL358 


CATGAATTYGATGGMGATGARG 

ARATGAGGGTGTTGGGCTG 

CYGAGGGCAGAGACTCKCC 

CTCTGGGMAGATTCAGACTG 

CTTCAGAAACTGCACTTGAGAAGAG 

GAGGAGCGTTGGAAGAGAGAAGG 

TGTTCCCAATGATGCCTGGGAAG 

GAGAACCAATAATCATGTTTAATTATG 

CTGACCACTTTGCTTCCTATGGC 

CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCG 

CTCACCTCAGGAACCTCATTGGTAGC 

CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCG 

CCAGAGACTCTCCACAGGATTTCG 

CTCGCCGCTGCAAGATCGTTCT 


Mammalian  DQA 
Mammalian  DQA 
Mammalian  DQB 
Mammalian  DQB 
Sea  lion  DQA 
Mammalian  DQA 
Sea  lion  DQB 
Mammalian  DQB 
Sea  lion  DQA 
Sea  lion  DQA 


249  bp:  3'  exon  1  to  5'  exon  3 
597  bp:  3'  exon  1  to  5'  exon  4 
896  bp:  5'  exon  1  to  3'UTR 
11 64  bp:  5^  UTRto  3'UTR 
264  bp:  5'  exon  2  to  5'  exon  3 


Sea  lion  DQB  284  bp:  3'  exon  1  to  3'  exon  2 


Sea  lion  DQB 


designed,  based  on  nucleotide  sequence  alignments  of  equine,  bo¬ 
vine,  porcine,  canine,  and  human  RNA-derived  MHC  class  II  gene 
sequences  (Table  1).  To  control  fw  the  inadvertent  amplification 
of  genomic  DNA  sequences,  primers  from  different  exons  were 
paired.  These  primers  were  used  to  amplify  short  segments  of  sea 
lion  DQA  and  DQB  gene  transcripts,  from  which  sea  lion  DQA- 
and  £>0fi-specific  oligonucleotides  could  be  designed. 

PCR  amplifications  using  these  degenerate  class  11  primers 
were  performed  on  20  ng  of  each  RACE  cDNA  library  in  50-pl 
volumes  containing  20-60  pmol  of  each  primer  (either  DQA- 
U164  and  DQA-L413,  or  DQB-U172  and  DQB-L769),  40  mM 
Tris-KOH  (pH  8.3),  15  mM  KOAc,  3.5  mM  Mg(OAc)2 
3.75  pg/ml  bovine  serum  albumin,  0.005%  Tween-20,  0.005% 
Nonidet-P40,  200pM  each  dNTP,  and  5  units  of  Advantage  2  Taq 
polymerase  (Clontech,  Palo  Alto,  Calif.).  For  5'  gene  transcript 
amplifications,  the  reactions  contained  20  pmol  of  either  DQA- 
L413  (for  DQA  gene  products)  or  DQB-L769  (for  DQB  gene 
products),  along  vrith  1-5  pmol  of  the  universal  primer  mix  (UPM, 
SMART  RACE  cDNA  amplification  kit;  Clontech).  For  3'  gene 
transcript  amplifications,  the  reactions  contained  20  pmol  of  either 
DQA-U164  (for  DQA  gene  products)  or  DQB-U172  (for  DQB 
gene  products),  along  with  1-5  pmol  of  the  universal  primer  mix 
(SMART  RACE  cDNA  amplification  kit;  Clontech).  The  PCR 
was  performed  on  an  MJ  Research  PTC-200  thermal  cycler  (MJ 
Research,  Watertown,  Mass.).  To  optimize  reaction  specificity  a 
touchdown  method  was  employed,  starting  with  5  cycles  of  94  °C 
for  30  s,  68  ^C  for  30  s,  and  72  ®C  for  3  min,  followed  by  5  cycles 
of  94  *®C  for  30  s,  64  °C  for  30  s,  and  72  °C  for  3  min,  followed  by 
35  cycles  of  94  ®C  for  30  s,  60  °C  for  30  s,  and  72  ®C  for  3  min, 
and  ending  with  an  extension  step  of  72  ®C  for  10  min.  The  prod¬ 
ucts  of  these  reactions  were  electrophoresed  on  1 .5%  agarose  gels 
and  visualized  by  ethidium  bromide  staining.  Bands  representing 
PCR  products  within  the  expected  size  range  were  excised  from 
the  gel,  extracted  and  purified  using  a  commercially  available  nu- 
cleic-acid-binding  resin  (Qiaex  U  Gel  extraction  kit;  Qiagen). 
These  isolated  RACE  fragments  were  then  ligated  into  a  T/A-type 
cloning  vector  (pGEM-T  Easy  vector  systems;  Promega,  Madison, 
Wis.).  Following  transformation,  growth,  and  blue-white  selection 
in  competent  cells  (SE  DH5a  competent  cells;  Life  Technologies, 
Rockville,  Md,),  the  DNA  from  positive  clones  was  isolated.  The 
nucleotide  sequences  of  both  strands  were  determined  by  dideoxy 
nucleotide  methodology  using  an  automated  sequencer  (Model 
373;  Applied  Biosystems,  Foster  City,  Calif.).  The  nucleotide  se¬ 
quences  of  these  amplicons  were  compared  using  the  Align  and 
Contig  sequence  alignment  software  programs  (Vector  NTl;  Infor- 
max.  North  Bethesda,  Md.).  For  each  of  the  DQA  and  DQB  gene 
products,  regions  of  sequence  homology  were  identified  and  used 
to  design  sea  lion  MHC-specific  oligonucleotides  (Table  1),  which 
were  used  to  amplify  near-full-length  sequences  in  ensuing  reac¬ 
tions. 

These  near-full-  and  full-length  DQB  and  DQA  gene  tran¬ 
scripts  were  amplified  from  the  pooled  PBMC  RNA-derived 


cDNA  fragments.  With  the  exception  of  the  oligonucleotide  com¬ 
position  and  concentrations,  the  PCR  conditions  for  these  reac¬ 
tions  were  identical  to  those  described  above.  Amplification  reac¬ 
tions  contained  20  pmol  of  both  ZcDQAU72  and  DQA  3'UTR  (for 
DQA  gene  products)  or  ZcDQBUEXID  and  DQB  3'UTR  (for 
DQB  gene  products).  Reaction  specificity  was  optimized  using  a 
touchdown  method  fiiat  started  with  5  cycles  of  94  ®C  for  5  s,  and 
72  ®C  for  3  min,  followed  by  5  cycles  of  94  ®C  for  5  s,  70  °C  for 
10  s,  and  72  ®C  for  3  min,  followed  by  25  cycles  of  94  ®C  for  5  s, 
68  °C  for  10  s,  and  72  ®C  for  3  min.  The  products  of  these  reac¬ 
tions  were  electrophoresed  on  1.5%  agarose  gels  and  visualized  by 
ethidium  bromide  staining.  Bands  representing  PCR  products  of 
the  predicted  size  were  excised,  extracted,  cloned  and  sequenced 
using  the  procedures  described  above. 


Analysis  of  RACE  product  sequences 

The  nucleotide  sequences  of  the  RACE  products  were  analyzed 
using  the  Align  and  Contig  sequence  alignment  software  programs 
(Vector  NTl;  Informax)  and  compared  to  known  sequences  using 
^e  NCBl  BLAST  pro^am  (Altschul  et  al.  1990),  and  the  IMGT/ 
HLA  database  (Robinson  et  al.  2001).  N on-synonymous  and  syn¬ 
onymous  nucleotide  substitution  rates  were  calculated  by  the 
method  of  Nei  and  Gojobori  (1986). 


DGGE-based  DQ-genotyping  of  19  additional  sea  lions 

An  adapted  denaturing  gradient  gel  electrophoresis  (DGGE) 
(Aldridge  et  al.  1998)  was  used  to  examine  the  degree  of  Zaca-DQ 
nucleotide  variation  between  individuals  from  different  geographi¬ 
cal  locations.  Peripheral  blood  leukocytes  were  isolated  by  whole 
blood  lysis  of  samples  collected  from  wild-caught  sea  lions  in  the 
Sea  of  Cortez,  Baja,  Mexico  (n==9),  and  from  San  Miguel  Island, 
California,  USA  («-10).  The  isolated  leukocytes  were  stored  in 
RNAlater  (Ambion,  Austin,  Tex.)  pending  RNA  isolation.  Total 
cellular  RNA  was  isolated  by  silica-based  gel  membranes  com¬ 
bined  with  microspin  technology  (RNeasy,  Qiagen,  Valencia,  Ca¬ 
lif.),  and  stored  at  -70  '^C  prior  to  cDNA  synthesis.  A  standard 
cDNA  synthesis  was  performed  on  2  pg  of  RNA  template  from 
each  animal.  Reaction  conditions  included  4  units  reverse  tran¬ 
scriptase  (Omniscript;  Qiagen,  Valencia,  Calif.),  1  pM  random 
hexamers,  0.5  mM  each  dNTP,  and  10  units  RNase  inhibitor,  in 
RT  buffer  (Qiagen).  Reactions  were  incubated  for  60  min  at  37  ®C, 
followed  by  an  enzyme  inactivation  step  of  5  min  at  93  °C  and 
stored  at  -20  '’C  until  further  analysis. 

New  primer  pairs  recognizing  the  flanking  regions  of  the  puta¬ 
tive  peptide-binding  site  were  designed  to  amplify  a  264-bp  frag¬ 
ment  of  Zaca-DQA  exon  2  (ZcDQAU83  and  ZcDQALGC, 
Table  1)  and  a  284-bp  fragment  of  Zaca-DQB  exons  1  and  2 
(DQBU96GC  and  ZcDQBL358,  Table  1).  To  enhance  the  sensitiv- 
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2aca“DQA*01 

Zaca-DQA*02 

2aca-DQA*03 

Zaca-DOA*04 

Zaca>D0A*05 

MileDQAMLU 

MianDOAMAU 

LeweDQALWU 

Hyl eDQAHLU 

ArfoDQAAFir 

cafaDQAYO? 

CafaDQAYO? 

HLADQAXM^O 

HLADQA0060 

BotaDQAYO? 


1 

*  i  exon  I  *  20  *  40  *  60  *  80  i  exon  2 

***************  aaTGACCCTAAACAGAGTTCTGATTCTGGGGACTCTTACCCTGACCACCGTGATGAGCCCCTCTGQTGGTGAAGACATTGTGGCT 

*************** - --T - - - 


****************-. 

--A- 

-C--- 

--C-G - 

---G 

-C- 

-CG . 

---TG . 

. G-- 

-A . . . . 

****************-. 

---T-- 

— 

--A- 

-c--- 

--C-G - 

---G- 

-C- 

-CG-T--- 

. . G-- 

-A - - - 

CCACCTTGAGAAGAGG - • 

--GT-* 

-G-- 

-CC-- 

- T--- 

---G' 

-CG . 

- . A - 

- X - 

>-GA . - . 

Zaca-DQA*01 

Zaca-DQA*02 

Zaca-DQA*03 

Zaca-DOA*04 

Zaca-DOA*05 

MileDQAMLU 

MianDQAMAU 

LeweDOALWU 

Hyl eDQAHLU 

ArfoDQAAFU 

CafaDQAYO? 

CafaDQAYO 7 

HLADQAXM_0 

HLADQA0060 

BotaDQAYO? 


*  100  *  120  *  140  *  160  *  180 

GACCACTTTGCTTCCTATGGCGTAAATGTCTACCAGTCTTATGGTCCCTCTGGCCAGTACACCCATGAATTTGATGGAGATGAGGAGTTCTACGTGGACC 
. - . . C  - . G . - . 


****************** - A - *--C - c - 

- TG - C - T--G--CT . . C-C - - - C - 

- G - C--T-G - T . CT-G . T---C . . . . . . . 

. A--  -GCA - A--  -GCA - CA-A - - T-C-  -T - - -A . . 


Zaca-DQA*01 

Zaca-DQA*02 

Zaca-DQA*03 

Zaca-DQA*04 

Zaca-DQA*05 

MileDQAMLU 

MianDOAMAU 

LeweDQALWU 

HyleDQAHLU 

ArfoDQAAFU 

CafaDQAYO? 

CafaDQAYO? 

HLADQAXM_0 

HLADQA0060 

BotaDQAYO? 


Zaca-DQA*01 

Zaca-DQA*02 

Zaca-DQA*03 

Zaca-DQA*04 

Zaca-DQA»05 

MileDQAMLU 

MianDQAMAU 

LeweDQALWU 

HyleDQAHLU 

ArfoDQAAFU 

CafaDQAYO? 

CafaDQAYO? 

HLADQAXM_0 

HLADOA0060 

BotaDQAYO? 


*  200  *  220  *  240  *  260  *  280 

TGGAGAAGAAGGAAACTGTCTGGCAGC3:GCCTGTGTTTCAAACATTTACCAGTTTTGACCCACAGGGCGCACTGAGAAACTTGGCTGTAGGAAAACTCAC 


***************************************************************  ******************♦***  +  ************** 
**************************************************************************************************** 
**************************************************************************************************** 
*************************************** ************** **************************************** ******* 
**************************************************************************************************** 

- - -G - AGC - A - T - - - A-  -AT - AA-A 

- G - AGC - GA - T - - A- -AT - AA-A 

. C--  -A--G . . --T . A - AGC-A . TA - - - G---A-T . TA . G - A-  -- 

- G - G - C - G-TG . A---CAGC-A - GGAG - G . T - A-- . G-C - A- -A 

- A - G-  -  -G-- . GT . - . AGT-A - G-A-C . T . T-  -G . -A-A-  -  -ACGACQ-  -G-A-  -A 

*  300  *  320  *  4^  exon  3  *  360  ♦  380 

CTTGAACGTCCTGACTAAACGGTCCAACTCCACCGCTGCTACCAATGAGGTTCCTGAGGTGACTGTGTTTCTGAAGTCTCCTGCGATGCTGGGTCAGCCC 


- T - 

- T - 

X - T--C - 

- C-T--CA - 

- C-T . - . 


. -A-- . ---A - CAA-  -T . . . TCC - 

- A - A - CAA--T . . - . . . . TCC - 

- G-AT--A---TG-G--A - T . C . . --C--A - TCC - 

- A--A---T . C-A . T . . . . C--A - TCC - 

TC--G-GA-  -G-  --T-C--A . T--T . CA . - . TCC - 


Fig.  1  Nucleotide  sequence  identity  between  CSL  class  11  MHC 
clones  (Zaca-DQA\  human,  canine,  and  other  marine  mammal 
DQA  sequences.  Abbreviations  for  individual  species  MHC  mole¬ 
cules  are  as  follows;  Zaca  California  sea  lion  {ZaJophus  caUfomi- 
anus)\  Arfo  New  Zealand  Fur  seal  (Arctocephalus  forsteri);  Hyle 
Leop^  seal  {Hydntrga  leptonyx);  Lewe  Weddell  seal  (Leptony- 
chotes  weddeUi);  Mian  Northern  Elephant  seal  {Mirounga  angus- 
tirostris);  Mile  Southern  Elephant  seal  {Mirounga  Jeonina);  Phvi 
Pacific  harbor  seal  (Phoca  vitulina);  Mosc  Hawaiian  monk  seal 
{Monachus  schauinslandi)\  Cafa  domestic  dog  {Canis  familiaris); 
HLA  human  lymphocyte  antigen;  Bota  domestic  cow  {Bos  taurus). 
The  MHC  species  label  includes  GenBank  or  IMGT  accession 


numbers.  The  complete  nucleotide  sequence  of  Zaca-DQA*Q}  is 
shown.  Single  letters  and  dots  below  the  nucleotide  sequence  re¬ 
present  nucleotides  that  are,  respectively,  distinct  from  or  identical 
to  Zaca-DQA*01.  Asterisks  indicate  missing  sequences.  Borders 
of  each  domain  were  assigned  based  upon  sequence  homology  be¬ 
tween  Zaca-DQA*01  and  HLA00601  (IMGT/HLA  Database) 
(Robinson  et  al.  2001).  The  allelic  numbers  for  the  California  sea 
lion  sequences  were  assigned  according  to  multispecies  guidelines 
(Klein  et  al.  1990),  with  the  assumption  of  a  single  DQA  lineage 
based  upon  the  close  sequence  homology  between  individual 
clones.  Stop  codon  is  italicized  and  marked  with  an  arrow  (W) 
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Zaca-DOA*01 

Zaca-DQA*02 

Zaca-DQA*03 

Zaca-DQA*04 

Zaca-I>QA*05 

MileDQAMIi'J 

MianDQAMAU 

LeweDOALWU 

HyleDQAHLU 

ArfoDQAAFU 

CafaDQAYO? 

CafaDQAYO? 

HLADQAXM^D 

HLADOA006D 

BotaDQAYO? 


400  *  420  ♦  440  *  460  *  480 


•T' 


_ C - G - A - 

_ C - - - G--* - A - 

- - - - - - -  . - G-— T - - 

. . - . C-G . A . 

-C-C--G- - - - - G - G - C--G . . G- 

-C-C--G - - - - - G . . . G- 

_C - G - G - CA - C-  -  -C-  --GC-  -  -GG - 

.C - G-- . G - CA . C---GC---GG— -G . . 

,CA---G . --C . CA . . G - GG - G - G--A- 


G 

G- 

G 


A 

A 

A 

A 

A 

A 

A 

A 

A 

A 


Zaca-DQA*01 

Zaca>l>QA*02 

2aca-DQA*a3 

Zaca-DQA*a4 

Zaca-DQA*05 

MileDQAHLU 

MianDQAMAU 

LeweDQALWU 

HyleDQAHLU 

ArfoDQAAFU 

CafaDOAYO? 

CafaDQAYO? 

HLADQAXM_0 

HLADQA0060 

BotaDQAYOV 


*  500  *  520  *  540  *  560  ♦  580 

GCTTTCTCGCCAAGAGGGATCATTCCTTCTTAAAGTTCAGTTACCTCACCTTCCTCCCCTCTGCTGATGATATrrATGACTGCAAGGTGGAGCACTGGGG 


_ _ _ --A-  _ -  -x--  -  ------- _ ♦*»**«****»*******#**** 

_ ^ _ _ X- _ *********************** 

^ _ _ _ _ _ _ _ _ _ _ _ _ X~ _ - _ _ _ »«^*  *******  *************** 

_ Q _ ^ _ _  _»j* _ *********************** 

- C-  -T - AG . . -  -C - A . . . -  -A-  -T - G - A . - . 

- CT - AG - C - A - A--T - G - - A - 

- C - T - T - C - A - - --T - G - - - - 

- C - T - T . . C - A - T - G - 

-T . AT - T--  -T - T’  -TC-C-  -  -A-  -  -  A-  -  -T . . T - A- . CG - - A . . . 


Zaca-DQA»C1 

Zaca-DQA*C2 

Zaca-DQA*C3 

Zaca-DQA*C4 

Zaca-DOA*C5 

MilcDQAMLU 

MianDQAMAU 

LeweDOALWU 

HyleDQAHLU 

ArfoDQAAFU 

CafaDOAYO? 

CafaDQAYO? 

HLADQAXM_a 

HLAIX3A0060 

BotaDQAYO? 


*  600  *  •i’  exon  4  *  640  *  660  *  680 

CCTGGATGAGCCAClTCTGAAACACTGGGAACCTGAGATTCCAACCCCTATGTCAGAGC'rGACAGAGACTGTGGTCTGTGCCCTGGGGTTGACTGTGGGC 


- C - T - G - G - C - T - . . T - 

. CC - T . G . G . - . C . C . T— - 

X - - - - G - T - G- - - - - - --C- 


*  700  *  720  *  740  *  760  f  *  780 

cttgtgggcatcgtggtgggcactgtcttcattatccaaggcctgcactcaggtggtgcttccagacatcaagggcctttgtgagccacaccctagaaaa 

.  - - - ■ - - - -  -  - . . . ---A - - - 

**************************************************************************************************** 
***************•'****************************************************************************'*'*'*'****'* 
****************************************** ********************************************************** 
**************************************************************************************************** 
***************************************************************************************************** 
**************************************************************************************************** 
******************************************  **  ***************************************  *************  *  *  ** 

--CA - T - - - C - GT - T - C - TC--A - **************** 

__c - X - C-- . GT - T - - - C - A - ******  ********** 

_  _C - A . CA“  'C - C - T - G - CC-C - C~-G . G-- . T - T-C - GG 


Zaca-DQA*01 
Zaca-DQA*02 
Zaca-DQA*03 
Zaca- DQA*04 
Zaca-DQA*05 
MileDQAMLU 
MianDQAMAU 
I^weDQALWU 
HyleDQAHLU 
ArfoDQAAFJ 
CafaDQAYO? 

CafaDQAYO? 

HLADQAXM_0 
HLADQA0060 
BotaDQAYO? 

Fig.  1  (continued) 

ity  of  the  DGGE  analysis,  a  GC-clamp  was  added  to  one  of  each 
primer  pair  as  previously  described  (Sheffield  et  al.  1989).  The 
optimal  conditions  for  Zaca-DQ  examination  (25%~60%  urea/ 
formamide  gradient  in  12%  acrylamide,  IxTris/acetic  acid/EDTA 
buffer,  at  300  V  and  60  for  3.5  h)  were  determined  using  per¬ 
pendicular  DGGE  and  a  time-series  analysis  (Knapp  et  al,  1997). 
These  conditions  were  used  in  parallel  denaturing  gels  to  compare 
the  separation  of  Zaca-DQ  sequences  between  individuals.  The 
gel  was  visualized  by  staining  with  GelStar  nucleic  acid  stain 
(BMA  products,  Rockland,  Me.)  according  to  manufacturer’s 
specifications.  The  bands  representing  individual  Zaca-DQ  se¬ 
quences  were  excised  from  the  gels,  re-amplified,  and  the  nucleo¬ 
tide  sequence  determined  as  previously  described  (Knapp  et  al. 
1997;  Aldridge  etal.  1998). 


Results 

Characterization  of  CSL  DQA  and  DQB  cDNA  clones 

Clones  containing  near-full-  and  full-length  Zaca 
{Zalophus  califomiams)  MHC  class  Il-like  sequences 
were  obtained  from  the  RACE  cDNA  products  of  two 
randomly  selected  California  sea  lions.  The  nucleotide 
and  deduced  amino  acid  sequence  of  the  896-bp  (DQA- 
primer  derived)  and  the  1164-bp  (DQB  primer  derived) 
products  were  typical  of  transcripts  from  mammalian 
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Zaca-DQA*01 

?Jaca-DQA*02 

2aca-DQA*03 

2aca-DQA*04 

Zaca-DOA*OS 

MileDQAMLU 

MiailDQAMAU 

LeweDQAIiWU 

HyleDQAHLU 

ArfoDQAAFU 

CafaDQAYO? 

CafanQAYO? 

HLADQAXM_0 

HLADQAOoio 

BctaDQAYO? 


*  800  *  820  *  840  *  860  *  880 

GGAGGTGCACCXKATGCCCACCGACCawSAGCAGAAGAGTGGACTTGATAGGTGACCTAGCACTGTTTCCTCGCCGAGTTTATCATATrCCTTCTCTCTTC 


- - - - - - - - - - Q . . 

**-*«***««*«*«*«*«*****««**««****  *««**tlt***«***«***««***«*««-**«*««i*«**«*****«**«***«t«***««*«**  *■**«*«** 


************’************#*******#***************************************»*******************»******* 
**********************************************  ****««.**«.*.**-*^*«***i^**,t**********  ****«******«•***'* ****** 
**************************************************************************************************** 
**************************************************************************************************** 
***********4  *********,11*************  **********************************************  ******************* 
**************************************************************************************************** 
AAG-TGCA-TGT-CAT-TTTGA-  -  A - ***  •  -  -  A-A - C - A . . A - A - T - A - CC - G- A - C-- 


★  900  *  920  * 

Zaca-DQA^Ol  CAACGCTCCTC*  **********♦****■*♦*****♦**•■•  *********** 

Zaca-DQA*02  - *♦♦********♦4*****  *♦*#•**»***♦*  ******** 

Zaca-DQA*03  - - _»^*****»********************************* 

Zaca“DOA*04  - *************************************** 

Zaca-DQA*OS  - - ---********************♦****************** 

MileDQAMLU  ************************************************** 

MianDQAMAU  ************************************ ************** 

LeweDQALWU  ************************************************** 

HyleDQAHLU  *************************************************** 

ArfoDQAAFU  ************************************************** 

CafaDQAYO?  *************************************** *********** 

CafaDQAYO?  ************************************************** 

HLADQAXM  0  ************************************************** 

HIADQA0060  ******************************** ****************** 

BotaDQAYO?  -T--C . CTCATACTTCTCTGGGACTTAAGGTGCTGTATCATCTCA  Fig.  1  (COntinUCd) 


class  n  genes.  These  transcripts  were  characterized  as 
MhcZaca-DQA  or  MhcZaca~DQB  based  on  alignments 
with  human  lymphocyte  antigen  (HLA),  and  canine  lym¬ 
phocyte  antigen  (DLA),  DQA  and  DQB  sequences 
(Figs.  1  and  2).  The  full-length  {DQA  primer-amplified) 
sequences  (Table  1)  showed  high  homology  with  previ¬ 
ously  described  full-length  human  (87%),  canine  (88%) 
and  bovine  (79%)  DQA  sequences  (Fig.  1).  Similarly  the 
near-full-length  sequences  amplified  by  the  DQB  prim¬ 
ers  showed  a  high  homology  with  human  (89%),  canine 
(92%),  and  bovine  (79%)  DQB  sequences  (Fig.  2).  Fur¬ 
thermore,  the  DQB  primer-derived  sequences  contained 
several  Z)j2-specific  motifs,  particularly  within  exon  3. 
In  fact  the  nucleotides  encoding  amino  acids  195,  198, 
and  200  (threonine,  arginine,  and  aspartate,  respectively) 
could  be  used  to  distinguish  DQB  from  DRB  products  in 
several  species  (Fig.  2,  Table  2).  These  Dg-specific  mo¬ 
tifs  were  identified  by  alignments  with  multiple  pub¬ 
lished  ELA-DQB  and  DRB  sequences  (Robinson  et  al. 
2001).  Further  evidence  for  the  identity  of  the  Zaca-DQ 
primer-amplified  sequences  was  provided  by  the  signifi¬ 
cantly  lower  homologies  observed  in  comparison  with 
published  DRB  and  DRA  sequences  from  canine  (65% 
DRB,  53%  DRA),  and  human  (73%  DRB,  55%  DRA) 
genes  (data  not  shown). 

The  largest  Zaca-DQA  and  DQB  gene  products  en¬ 
coded  deduced  molecules  of  255  and  265  amino  acids 
(aa),  respectively.  All  sequence-derived  Zaca-DQa  mol¬ 
ecules  were  full-length  and  consisted  of  a  28-aa  leader 
sequence,  an  82-aa  al  domain,  a  94-aa  a2  domain,  and 
a  51-aa  connecting  peptide/transmembrane/cytoplasmic 
tail  domain  (Fig.  3).  Three  forms  of  potentially  func¬ 
tional  class  II  MHC  molecules  were  identified  in  the 
Zaca-DQB  sequences  (Fig.  4).  These  included  near- 


full-length  molecules  (265  aa),  pi  domain-deficient 
molecules  (175  aa),  and  cytoplasmic  domain-deficient 
molecules  (257  aa).  The  near-full  length  Zaca-DQp 
molecules  consisted  of  a  partial  32-aa  leader  sequence, 
a  90-aa  pi  domain,  a  94-aa  p2  domain,  a  37-aa  trans¬ 
membrane  domain,  and  8-aa  and  4-aa  cytoplasmic  do¬ 
mains  (Fig.  4).  In  addition,  three  Zaca-DQB  sequences 
with  features  compatible  with  class  II  MHC  pseudo¬ 
genes  were  identified  (Figs.  2,  4).  These  sequences  con¬ 
tained  variable-length  deletions  (range,  88-420  nucleo¬ 
tides)  involving  exons  2-6  and,  in  one  instance,  extend¬ 
ing  into  the  3'UTR.  These  deletions  created  a  frame- 
shift  and  premature  stop  codon  in  each  case.  If  these 


Fig.  2  Nucleotide  sequence  identity  between  CSL  class  11  MHC  ► 
clones,  human,  canine,  and  other  marine  mammal  DQB  sequences. 
Abbreviations  for  individual  species  MHC  molecules  are  as  follows: 
Zaca  California  sea  lion  {Zalophus  califomianus);  Mosc  Hawaiian 
monk  seal  (Monachus  schauinslandi);  Mile  Southern  Elephant  seal 
(Mirounga  leonina);  Mian  Northern  Elephant  seal  {Mirounga  angus- 
tirostris)'.  Dele  Beluga  whale  {Delphinapterus  leucus);  Momo  Nar¬ 
whal  {Monodon  monocerus);  Cafa  domestic  dog  {Cams  familiaris); 
Arfo  New  Zealand  Fur  seal  {Arctocephaltis  forsteri)',  HLA  human 
lyn5)hocyte  antigen.  The  MHC  species  label  includes  GenBank  or 
IMGT  accession  numbers.  The  complete  nucleotide  sequence  of 
Zaca-DQB*01  is  shown.  Single  letters  and  dots  below  the  nucleo¬ 
tide  sequence  represent  nucleotides  that  are,  respectively,  distinct 
from  or  identical  to  Zaca-DQB*0L  Asterisks  in&ate  missing  se¬ 
quences.  Boxes  indicate  codons  used  to  distinguish  DQB  from  DRB. 
Borders  of  each  domain  were  assigned  based  upon  sequence  homol¬ 
ogy  between  Zaca-DQB*01  and  XM_011391  (human  DQB,  Gen- 
Bank  accesrion  no.  XM_011391).  The  allelic  numbers  for  the  Cali¬ 
fornia  sea  lion  sequences  were  assigned  according  to  multispecies 
Adelines  (Klein  et  al.  1990),  with  fie  assumption  of  a  single  DQB 
lineage  based  upon  the  close  sequence  homolo^  between  individu¬ 
al  clones.  Stop  codon  is  italicized  and  marked  with  an  arrow  (j) 
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Zaca-DQB*01 

Zaca-DQB*02 

Zaca-DQB*03 

Zaca-DQB*04 

Zacu-DQB*OS 

Zaca-DQB*06 

Zaca-DQB*07 

Zaca-r)QB*08 

2aca-D0B*09 

2aca-riQB*10 

Zaca-DQB*11 

HileOQEAPX 

MianDQBAPl 

KoacDQBAYO 

MomoOQBUie 

ArfoDQBAPl 

CafaDQBMSO 

CafaDQBAPO 

HUVDQBXM_0 

HLADQBXM_0 


Zaca-DQB*01 

2aca-DQB*02 

7aca-nQB*03 

Zaca-DQB*04 

2aca-DQB*05 

Zaca-DQB*06 

Zaca-DQB*07 

2aca-DQB*08 

Zaca-DQB*09 

2aca-DQB*10 

2aca-DQB*ll 

MileDQBAFl 

MianDQBAFl 

MoscDQBAYO 

McxnoDQBUie 

ArfoDQBAFl 

CafaD0BM90 

CafaDQBAFO 

HLADQDXM^O 

HUADQBXM^O 


1 

*  -40  *  “20  *  •i'  exon  1  *  20  *  40 

************* *********************************** ********************»ATGGCTCTGCGGATCCCCAC3AGGCCTCTGGA 


****************************************************************************************************** 
************  ***************************************************************************** *********** 
*1,  **********  *******i>**»****i>i>  ****************************  ATGTCYGGGRAG A - T-C - C - T - 

*  *  *  CAGATCCATCAGGTCCGAGCTGTGTTGACTACCACTTTTCCCTTCGTCTCAATTATGTCTTGGAAA  -  A - T . G - TC--G 

CAGATCX^TCAGGTCCTW^OCTGTGTTGACTACCACTACTTTTCCCTTCGTCTCAATTATGTCTTGGAAG'A - T - TG - TC- -G 

*  60  *  80  *  100  i  exon  2  *  140 

CAGCAGCTGAAATGATGATCCTGGTGGTGCTGAGCATCCCAGTGGCTGAGGGCAGAGACTCTCCACAGGATTTCGTGTTCCAGTTTAAGGGCGAGTGCTA 


. . . 


- TG - - - - - - - - A - C - 

- A-  -  -TG-CCT - G TC-A . C- - - - - CG . A - AT - 

T - A-  -  -TG-CCT - G - C- A - C G-- . - - - CG - - AT - 


160  *  180  *  200  *  220  *  240 


Zaca-DQB*01 

Zaca-DQB»02 

CTTCACCAACGGGACGGAGCGGGTGCGGTCCCTGACCAGATACATCTATAACCGGGAGOAGTACGTGCGCTTCGACAGCGACGTGGGGGAGTACCGGCCG 

Zaca-DQB*04 

Zaca-DQB*05 

Zaca-[>QB*06 

Zaca-r)QB*07 

Zaca-DQB*08 

2aca-DQB*09 

Zaca-D<3B*10 

Zaca-DQB*11 

CA 

X  X  ^  *0.^  ***^* -.****  *..**X4.**  ***.-.  ********..****  4.*.*  *********.****  *.-**4.***.*******.***  *.4.**** 

rr 

MianDQBAFl 

MOSCDQBAYO 

MomoDQBUlS 

ArfoDQBAFl 

CafaD0BM90 

CT  A  T 

_ _ 

C 

HLADQBXM_0 

HLADCBXM_0 

- - A - C--- 

--TCTTG---G - AG - - A--A---AT . . - . T - G-- 

c  c 

Zaca-DQB*01 

’T -TVMl 

•  260  *  280  *  300  *  320  *  340 

GTGACGGAGCTGGGGCGGCCGGACGCTGAGTACTGGAACAGCCAGAAGGACATCCTGGAGCGGACGCGGGCCGAGGCGGACACGGTGTGCAGACACAACT 

2aca-DQB*03 

Zaca-DQB*04 

Zaca-DQB*05 

Zaca-DQB*06 

Zaca-DQB*07 

Zaca-D0B*08 

2aca-DQB*09 

Zaca-DQB*10 

1  1 

***•*»***♦******♦*****♦********♦*♦***#**«***♦****»♦»*★**♦*»****★*****♦♦***************★*♦*********** 

««««****■»«**«***«********«*'«-**'***««*«******«***«*«******«**«************«******»**«*****•**«****«**• 

• 

T 

OOlLfA  X^WD  XX 

MileDQBAFl 

MianDQBAFl 

Mri  e  vn 

rr 

rrr 

CAC 

PlVJoCX^^OnX  U 

MotnoDQBine 
ArfoDQBAFl 
Cafar)QBM90 
CafaDQBAFO 
BLADQBXM  0 
HLADQDXM  0 

- C . . C - G-AC-- 

-C - - - A - CT- . **************** 

C  C  C 

--C- . C- . c - 

CT . . T - T-C-- 

- C-A - GAGA - C-  -  -GTA - CT . 

„C - - A--  -AA - G-C-  -T - G - - 

CC  TT 

Fig.  2  Legend  see  page  337 


Zaca-DQB*01 
Zaca-DQB*02 
Zaca-DQB*03 
Zaca  DQB*04 
Zaca  DQB*05 

*  360  *  4-  exon  3  *  400  *  420  *  440 

ATGGGATTGAGGAGAGAACGATCTTGCAGCGGCGAGTGGAACCTACAGTGACCATCTCCCCGTCCAGGACAGAGGTTCTGAACCACCACAACCTGCTGGT 

2aca-D0B*06 

2aca-DCB*07 

Zaca>DQB*oe 

2aca-DCB*09 

Zaca-DCB*10 

Zaca-DQB*11 

MileDQBAFl 

MianDQBAPl 

MOSCDOBAYO 

MomoDQBl)16 

ArfoDQBAFl 

CafaDQBM90 

CafaDQBAFO 

HIADQBXM_0 

HIADQBXW^O 

. . *************************** . ****** . ********* . . . ************** 

****************************************************************************************************** 
***************************************************************************************************** 
******************  *******  ********•******♦*******************************♦**************♦♦***'***'***** 
**************************************************************************************************** 
**************************************************************************************************** 

2aca-DQB*01 

2aca-DQB*C2 

Zaca-DQB*03 

2aca-DQB*C4 

2aca-DQB*05 

2aca-DQB*06 

Zaca-DQB*07 

Zaca-DQB*00 

Zaca-DQB*'09 

2aca-DQB»10 

*  460  *  480  *  500  *  520  *  540 

CTGCTCAGTGACAGATTTCTACCCAGGCCAGATCAAAGTTOGGTGGTTTCGGAATGACCAGGAGGAGAGAGCTGCTGTCGTGTCCACTCCACTTATTAGG 

Zaca-DQ3*ll 

MileDQBAFl 

MianDQBAFl 

MoocDQBAYO 

MomoOQBU16 

ArfoDQBAFl 

CafaDQBM90 

***************** 

***************** 

CafaDQBAFO 
HIADQBXM  0 
HLADQBXM^O 

C  C 

c  c 

Zaca-DQB*01 

2aca-DQB*02 

Zaf:a-nOB*03 

Zaca-DQB*04 

Zaca-DQB*05 

Zaca-DOB*06 

Zaca-DOB*07 

Zaca-D0B*08 

zaca~DOB*09 

2aca-DQB*10 

Zaca-DQB*11 

MileDQBAFl 

MianDQBAFi 

MoscDQBAYO 

MomoDQBUlS 

ArfoDQBAFl 

CafaDQBM90 

CafaDQBAFO 

HLADQBXN_0 

HLADQBXM_0 


2aca-DQB*01 

Zaca-DQB*02 

Zaca-DQB*03 

2aca-BQB*04 

Zaca-COB*05 

2aca-BQB*06 

2aca-DQB*07 

2aca-E0B*08 

2aca-DQB*09 

2aca-DQB*10 

Zaca-DOB*ll 

MileDQBAFl 

MianDQBAFl 

MoecDQBAyO 

MomoDQ3D16 

ArfoDQBAFl 

CafanQ3M90 

CafaDQBAFO 

hladqbxm_o 

HLADQBXM_0 


*  560  *  580 

AATCGGGACTGGACCrTCCAGATCCTGGTGATGCTGGAAA'TT 

ACT 

* 

X!CCA( 

600 

GGA 

GAT 

*  620  *  640 

JTCTACACCTGCCATGTGGAGCACCCCAGCCTCCAGGGCC 

....  .  . . . .  -  -“A - 

****************************************** 

****************************************** 

****************************************** 

****************************************** 

****************************************** 

ft** 

*** 

*** 

*** 

*** 

r**  ** 

r**** 

r***  * 

r**** 

^**** 

:**i 

*1ri 

r**i 

r**< 

*  +  i 

*** 

*** 

*** 

*** 

***■ 

*** 

*** 

1 

t ******************* ******************** 

**************************************** 

******************************** ******** 

i  ******************************  ********* 

T  G  C 

m  .  . .  i". 

, 

C  T  ^ 

-  -cj 

*  660  i  exon  4*  680  *  700  *  720  *  740 

CCATCACGGTGGAGTGGAGGGCACAGTCTGAATCTGCCCAGAGCAAGATGCTGAGTGGCATGGGAGGCTTTGTGCTGGGGCTGATCTTCCTCGGGCTGGG 


. A . . . . - . - . 

- A - C . . . . . . 

. A . . . - - - - - . . . 

. A . . .  . . . . . - - - - - 

. A . - . - . - . . . 

. A - - - - - - 

_ A _ C _ C - - - T--T - C - T - T** 

- A - C - C - T--T - C - T - T-- 

- C- . ---C - T--A . . . . T . C . 

- . TC - C - T-- . . . - . T - C - - - 


Fig,  2  (continued) 
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Zaca-DOB*07 

Zaca-DQB*08 

Zaca-DQB*09 
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MianDQBAFl 

MofJCDQBAYO 
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CafaDQBM90 
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Zaca-DQB*01 

Zaca-DOB*02 

2aca-tX?B*03 

Zaca~DQB*04 

Zaca-DQB*05 

Zaca>DQB*06 

Zaca~DQB*07 

Zaca-DQB*08 

2aca-DQB*09 

Zaca-DQB*30 

Zaca-DQB*!! 

MileDQBAFl 

MianDQBAFl 

MOSCDQBAYO 

MomoDQBUie 

ArfoDQBAPl 

CafaDQBM90 

CafaDQBAFO 

H1ADQBXH_0 

HLADQBXMO 


*  060  *  080  *  900  *  920  *  940 

OGCCGTCTGTAATGCCTGCCTGTCCTTGCCCAGAATTCCCAGCTGCCTGAG**AGCCCATCCCCCACATGGATCCGAGCCCCACAGTGCCrCTGATACAG 
_ _ _ _ _ _ _ _ - - - - - 


.irit. 


-AT-C-T - G--T-C-T . C . C**--A>-TG- . ---A - a— -A . -****♦ 

AClTi’ . C . T - C . . T-  -  -T-TC - TG . TG-  ** - A-  -  -T-  -T - G- -G~C-CG- -  - 

ACTTT . C . T . C . -T-TC - TG - TG-** - A--  -T-  -T . G-  -G-C-CG--  - 


Zaca-DQB*01 

2aca-DQB*02 

2aca-DQB*03 

Zaca-DQB*04 

Zaca-DQB*05 

2aca-DQB*06 

Zaca-DQB*07 

Zaca-DQB*08 

Zaca-DQB*09 

Zaca-DQB*1C 

Zaca-DQB*ll 

MileDQBAFl 

MianDQBAFl 

MOSCDQBAYO 

MothoDQBUIS 

ArfoDQBAFl 

CafaDQBM90 

CalaDQBAFO 

HLADQBXM_0 

HTAT>QBXM_0 


■*  960  *  980  *  1000  *  1020  *  1040 

TCACCAGGTGCCCTCCTGGGACCCCTGCCT***GGCGGATCTGACTGC*GATGCrGCTCCCTGCACTGGTTTCAGAGCCTCTGCTGTGAGCTCCTTGCTA 
_ *** - * - 

_ _ * - 

- - -G - *** - * - 


1ftit*******-t********1>*** - *** 


^  _ _ Y-  -  --  -- _ *** 


c - CAT - TTC-T - CA - TGA - **-G - T*- -CC--A- -T - ACC*--C - C*~-T- -A-G**  - -C- 

C _ CAT - TTC-T - CA - TGA - **-G - T*--CC--A--T - ACC*--C - C*--T- -A-G**  - -C- 


2aca-DQB*01 

2aca-DQB*02 

Zaca-DQB*03 

Zaca-DQB*04 

2aca-DQB*05 

Zaca-DQB*0G 

Zaca-DQB*07 

Zaca~DQB*08 

Zaca-DQB*09 

Zaca-DQB*10 

Zaca-DQB*ll 

MileDQBAFl 

MianDQBAFl 

MOSCDQBAYO 

MomoDQBUie 

ArfoDQBAFl 

CafaDQBM90 

CafaDQBAFO 

HLADQBXM_0 

HLADQBXM_0 


*  1060  *  1080  *  1100  *  1120  *  1140 

GCAGCATCTCCTCCGTCCCCAAGGGCTTTTCC*GTTTCCATTCTTCCTCCTCAGATTGTGCAAGAGGAGCACACAGAAGCCCTTTAGCTGAATGTAGAGA 


-A- 


♦ _ G _ A - A-G - - - A-  -T - - - T-A - - - A - TT - A - C - GA - 

--T . A---A-G . - T - ** . -C--CT - A - T»---AA--A---C - C-T - C 

--T- . A---A-Q - G*-'-*-T* - T . **--- . C--CT- . A - T*---AA--A---C - C-T - C 


Fig.  2  (continued) 
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Zaca-D<3B*01 
Zaca-DQB*02 
Zaca-DQB*03 
Zaca-DQB*04 
Zaca-DQB*05 
2aca~DQB*06 
Zaca-DQB*07 
Zaca-DQB*08 
Zaca-DQB*09 
Zaca-DQB*10 
Zaca-D0B*11 
MileDQBAFl 
MianDQBAFl 
MoscDQBAYO 
MoiBoDQBUie 
ArfoDQBAFl 
CafaDQBM90 
CafaDQBAFO 
HLADQBXM_0 
HLADgBXM_0 

Fig.  2  (continued) 

sequences  were  translated,  the  final  length  of  the  trun¬ 
cated  protein  molecules  would  range  from  46  to  219  aa, 
and  contain  a  non-MHC-like  carboxy-terminal  peptide 
domain. 


Variation  between  Zaca-DQA  sequences 

To  maximize  the  identification  of  all  Zaca-DQA  se¬ 
quences  present  in  the  two  animals  examined,  multiple 
clones  were  sequenced.  From  these  clones,  five  different 
Zaca-DQA  sequences  were  found  (Fig.  1).  This  sug¬ 
gested  that  the  -specific  primers  amplified  products 
from  at  least  two  loci,  if  each  sequence  was  considered  a 
xmique  Zaca-DQA  allele.  None  of  the  sequences  exhibit¬ 
ed  features  compatible  with  pseudogenes.  The  homology 
between  these  sequences  was  extremely  high,  with  each 
containing  only  one  or  two  unique  nucleotides.  These 
sequences  were  confirmed  by  performing  two  to  four 
independent  PCR  reactions,  by  examining  multiple 
clones,  and  by  sequencing  each  clone  in  both  directions, 
in  compliance  with  HLA  nomenclature  rules  (Bodmer  et 
al.  1999).  The  deduced  amino-acid  sequences  indicated 


that  four  out  of  five  of  these  polymorphisms  represented 
a  non-synonymous  nucleotide  substitution  (Table  3);  the 
fifth  substitution  was  in  the  3'UTR  (Fig.  3).  Of  the  four 
polymorphic  amino  acid  residues,  two  were  found  in  the 
al  domain,  which  encodes  the  putative  MHC  class  II 
peptide-binding  site  (Brown  et  al.  1993;  Stem  et  al. 
1994).  The  other  polymorphic  residues  were  in  the 
leader  peptide  and  transmembrane  domain  (1/4  each). 
Heterogeneity  of  Zaca-DQp.  amino  acid  sequences  be¬ 
tween  individuals  was  observed  at  residues  -5,  13,  26, 
and  225  (Fig.  3).  The  relative  positions  of  these  poly¬ 
morphic  residues  were  compared  with  those  described  in 
other  species.  Although  none  of  these  regions  coincided 
with  polymorphic  residues  in  dogs  (Polvi  et  al.  1997), 
two  coincided  with  polymorphic  regions  in  humans  (res¬ 
idues  13  and  26)  (Brown  et  al.  1993;  Stem  et  al.  1994). 
Even  though  the  published  marine  mammal  MHC  se¬ 
quences  are  limited  in  number  and  incomplete  in  length, 
a  number  of  group-specific  residue  patterns  were  identi¬ 
fied  by  inter-species  comparison.  Zaca-DQp.  contained 
sea-lion-specific  motifs  at  residues  138  and  150,  and  a 
possible  otariid-specific  motif  at  residue  127.  Zaca-DQa 
amino  acids  matched  other  marine  and  terrestrial  carni¬ 
vores  at  three  positions  (121,  125,  and  141)  and  were 
conserved  between  available  marine  mammals  at  resi¬ 
dues  95,  99,110,  and  143. 


Variation  between  Zaca-£)05  sequences 

Eleven  different  Zaca-DQB  sequences  were  identified 
from  the  clones  containing  Dg5-specific  primer  ampli¬ 
fied  inserts.  These  results  suggested  the  amplification  of 
products  from  at  least  three  loci.  Of  these  1 1  sequences, 
eight  had  features  compatible  with  functional  class  II 
transcripts  in  other  species,  and  the  following  compari¬ 
sons  were  based  on  these  sequences.  The  three  remain¬ 
ing  sequences  had  variable-length  deletions,  compatible 
with  pseudogenes,  as  described  above.  As  with  Zaca- 
DQA,  these  sequences  were  confirmed  by  performing 


*  1160  *  1180 
TTTTATCATAATTAAACAT<3ATTATTGGTTCTC  *  ♦  *  * 

_ _ ♦*** 

_ **** 

_ **** 

- _ ^._**** 

_ _ ***»♦»* 

_ _ .„**** 

_ _ _ **** 

_ _ _ _ _ _ _ **** 

_ •***♦ 

_ _ _ **** 

*******  *************************  *««■*« 
************************************* 
************************************* 
♦********************** ************** 
************************************* 
************************************* 

. . --TG - GA - TGTA 

- T-ACAT-A-T--ACATGA-CC--AG-T****** 

- T-ACAT-A-T--ACATGA-CC- -AG-T****** 


Table  2  Sequence  identity  of  California  sea  lion  (Zaca-DQB)  class  11  MHC  clones,  with  hiaman  {WhA-DQB,  ULA-DRB)  and  canine 
{DhArDQB  and  DLA-DRB)  sequences  at  the  nucleotides  encoding  amino  acids  194-201  of  the  class  Up  genes 


Gene 

194 

195 

196 

197 

198 

199 

200 

201 

Putative  DQB-spoci^c  amino  acid  sequence 

THR 

— 

ARG 

— 

ASP 

HLA-£)0fll*OO629» 

ATG 

ACT 

ccc 

CAG 

CGT 

GGA 

GAC 

GTC 

HLA-D052*OO638* 

ATG 

ACT 

ccc 

CAG 

CGT 

GGA 

GAT 

GTC 

HLA-£)e53*00639^ 

ATG 

ACT 

ccc 

CAG 

CGT 

GGA 

GAT 

GTC 

DLA-DQB^ 

ATG 

ACT 

ccc 

CAG 

CGA 

GGA 

GAT 

GTC 

MhcZaca-DQBm-*n 

ATT 

ACT 

ccc 

CAG 

CGA 

GGA 

GAT 

GTC 

DLA-DRB^ 

ATA 

GTT 

CCT 

CAG 

AGC 

GGA 

GAG 

GTC 

liLA-DRB\*001l9^ 

ACA 

GTT 

CCT 

CGG 

AGT 

GGA 

GAA 

GTT 

HLA-D/?jB1*00724® 

ACA 

GTT 

CCT 

CGG 

AGT 

GGA 

GAG 

GTT 

HLA-Di?i51*00749a 

ACA 

GTT 

CCT 

CGG 

AGT 

GGA 

GAA 

GTT 

Putative  DRB-specific  amino  acid  sequence 

- 

VAL 

- 

SER 

- 

GLU 

- 

®  DLA  GenBank  accession  number  M29611 


« IMGT/HLA  numbers 

^Dog  lymphocyte  antigen  (DLA)  GenBank  accession  number 
AF043908 
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Zaca-DQA*OI 

i5aca>DOA*02 

Zaca-DQA*03 

Zaca-DQA*04 

Zaca-DOA*05 

MileDQAMLU 

MianDQAKAtr 

LfiWftDQALWU 

HyleDQAHLa 

ArfoDQAAFU 

CafaDQAYO? 

CafaDQAYO? 

HtADQAXM^O 

HLAt)QA0060 

BotaDQAYO? 


ileader  ♦  1  i  Alpha  l  20  *  40  ♦  60  * 

••♦♦♦MTLNKVLILGTLTLTTVMSPSGGEDIVADHFAGVGVNVYQSYGPSGQYTHEPDGDEEFYVDLEKKETVWQLPVFQTFTSFDPQGALRNLAVGKLT 

***** - - - - -----.---A - - - - - - 

***** . . . C . . . - - - - — . . 

***** - - - - - - - - - 

****«-- - - - - - - - - - - - - - - - - -  ■  - 

************************************************♦****♦******•♦*****************'********************* 
**************************************************************************************************** 
************♦*************************<•♦************************'*'*■***  ***********  *********************** 
**************************************************************************************************** 


**  ♦*  *  „I  -  -KA-L-  -A-A-  -a - C - V - F - H - X - M>SK- 1 - S - M - H- 

*****-I-_KA-L--A-A - --C - V--C L--P - - - R - A-RW-E-SK-GG - M- -A-HN 

*****-V-  --A - A-A-  -  -M - S - IGT-  -ISI-HT . Y . R - R - SK>AT - I-TT-HN 


Zaca-DQA^Ol 

Zaca-DOA*02 

Zaca-DQA*03 

zaca-D0A*04 

Zaca'DOA*05 

HileDQAMUr 

MianDQAMAU 

LeweDOALWU 

HyleDQAHLU 

ArfoDQAAFU 

CafaDOAYO? 

CafaDQAY07  ' 

HLADQAXM_0 

HLADQA0060 

BotaDQAYOV 


80  i  Alpha  2  100  *  120  *  140  *  160  * 

LNVLTKRSNSTAATNEVPBVTVFLKSPAMIjGQPNTr.TCPVDNIPPPVINVTHLKNKHSVTEGVSETRFLAKRDHSFLKFSyLTPLPSADDiyDCKVSHWG 


**************** - 

**************** - 

**************** - 

**************** - 

****************--- - - 

--I . Q . S---V- 

—  I - Q . S---V- 

-BFMMRQ - - - S-P-VT 

--IMT--Y - S>--VT 

-BIVIQ - K . S---V- 


- R - K - S . 1-- 

. . R - K - S . !-■ 

. R - S- . I-- 

- R - K - S - 1-- 

- - S . I- 

L - R . . S - O - S'l-- 

L . R . S-P--G - S-I-- 

L . V-I S-G - S--S-S - F-1-- 

L . V-I---S-GQ . S--S-S - F-I-* 

H - - I---R-G . S--I-S-Y - IN- 


----******** 

- _ ******** 

_ ******** 

_ ******** 

E - - - 

E - 

-B - 


.D>-V- 


Zaca-DQA*01 

Zaca-r>QA*02 

Zaca-r)QA*03 

Zaca-DQA*04 

Zaca-  r)QA*05 

MileDOAMLU 

MianDQAMAU 

LeweDCSALWU 

HyleDOAHUJ 

ArfoDQAAFU 

CafaDQAYOV 

CafaDQAYO? 

HLADQAXK_0 

HIADQA0060 

BotaDQAYOV 


180  i  LtanRinembrane  200  *  220  * 

LDEPLLKHWBPEI  PTPMSBLTETWCALGTjTVGLVGI  WGTVFI IQGLHSGGAS  RHQOPL 


•T 


********************** *******♦*♦>»*♦ ************************** 
************************************************************* 
************************************************************* 
************************************************************* 


- A - L - S - M . . . R-V - L-* 

--Q . A . . S . --R>V . * 

. D--A-- . K---IL . R---P . * 


Fig.  3  Amino-acid  sequence  identity  between  CSL  class  II  MHC 
clones,  human,  canine,  and  other  marine  mammal  DQa  sequenc¬ 
es.  Abbreviations  for  individual  species  MHC  molecules  are  as 
described  for  Fig.  1.  The  complete  amino-acid  sequence  of  Zaca- 
DQA^Ol  is  shown.  Single  letters  and  dots  below  the  amino  acid 
sequence  represent  amino  acids  that  are,  respectively,  distinct 
from  or  identical  to  Zaca’DQA*01.  Asterisks  indicate  missing  se¬ 
quences.  Borders  of  each  domain  were  assigned  based  upon  se¬ 
quence  homology  between  Zaca-DQA*01  and  HLA00601  (human 
DQA,  IMGT/HLA  Database)  (Robinson  2001) 


Table  3  Sequence  polymorphism  of  MhcZaca-DQA  and  Mho- 
Zaca-DQB^  delineated  by  exon 


Excms 

1 

2 

3 

4 

5 

6 

DQA 

Nucleotide  substitutions 

1 

2 

0 

1 

n.a. 

n.a. 

Synonymous 

0 

0 

0 

0 

n.a. 

n.a. 

Non-synonymoxis 

1 

2 

0 

1 

n,a. 

n.a. 

DQB 

Nucleotide  substitutions 

2 

5 

3 

2 

1 

0 

Synonymous 

0 

2 

1 

1 

1 

0 

Non-synonymous 

2 

3 

2 

1 

0 

0 

two  to  four  independent  PCR  reactions,  by  examining 
multiple  clones,  and  by  sequencing  each  clone  in  both 
directions,  in  compliance  with  HLA  nomenclature  rules 
(Bodmer  etal.  1999). 

As  with  Zaca-DQAy  the  sequence  identity  between 
the  Zaca-DQB  alleles  was  extremely  high,  with  a  total  of 
only  14  nucleotide  substitutions  (Fig.  2).  Of  these  14 
polymorphisms,  the  largest  number  were  in  exon  2 
(5/14),  with  the  remainder  distributed  between  exon  1 
(2/14),  exon  3  (3/14),  exon  4  (2/14),  exon  5  (1/14),  and 
3'UTR  (1/14)  (Table  3).  Exon  deletions  were  not  includ¬ 
ed  in  these  nucleotide  substitution  calculations.  The  de¬ 
duced  amino  acid  sequences  indicate  that  approximately 
two  thirds  of  the  nucleotide  substitutions  (8/13)  were 
non-synonymous  (Fig.  4,  Table  3).  The  polymorphic 
Zaca-DQP  amino  acid  residues  were  equally  distributed 
between  the  leader  peptide  (2/8),  the  pi  domain  (3/8), 
the  p2  domain  (2/8),  and  the  transmembrane  region 
(1/8).  The  relative  positions  of  these  polymorphic  resi¬ 
dues  were  compared  with  those  described  in  other  spe¬ 
cies  and  examined  using  the  HLA-DR  model  for  class  II 
peptide  binding  (Brown  et  al.  1993;  Stem  et  al.  1994). 
Zaca-DQP  heterogeneity  was  observed  at  residues  -5, 
-4,  9,  26,  30,  140,  182,  and  212  (Fig.  4).  While  three  of 
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Zaca-DQB*01 

2aca-DQB*02 

Zaca-DQB*03 

Zaca-DQB*04 

Zaca-DQB*05 

Zaca-DQB*06 

Zaca-OQB*07 

7.aca-DQB*08 

7,aca-nQB*05i 

Zaca-DQB*10 

Zaca-DQB*11 

MileDQBAFl 

MianDQBAFl 

MoscDQBAYO 

MomoDQBUlS 

ArfoDQBAFl 

CafaDOBM90 

CafaDQBAFO 

HIADQBXM_0 

HIADQBXM^O 


*  *40  -i  leader  -20  *  14-  Beta  1  20  *  40 
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***************#************************************************Q- - V - -  — 

***♦  ************************ *********»**************************Q - L N - F’ - - 

****♦************•************»*•********************•***********  -  -HYS - L-A-S - G- -D - F-- 

************************  ************************************  *********** - LVS - A 

*  *************************************************************** . H . N . 

**************************************************************** - L--K - P - F-A 

♦  ♦*****************HSGK-T-C - F - V . - . Y-A . L--K . F . P-A 

**•*♦»*♦**  **»******MSWKK - G--RA-TVTLM-SM--T - E - Y - M - LVS-S - 1 - P-A 

***************  ♦***MSWKK - G--RV-TVTLM-AM--T - E - M . . GV - A - V--A 


Zaca-DQB*01 

Zaca-DQB*02 

Zaca-DQB*03 

Zaca-DQB*04 

Zaca-DQB*05 

7.aca-DQB*06 

ZdCa-DQE*07 

2aca-DOB*08 

2aca-DQB*09 

Zaca-DQB*10 

Zaca-DQB*11 

MileDQBAFl 

MianDQBAFl 

MOSCDQBAYO 

MonoDQBUlS 

ArfoDQBAFl 

CafaDQBM90 

CafaDQBAFO 

HLADQBXM_0 

HLADQBXM_0 


*60  *  80  *  I  Beta  2  *  120  *  140 

VTEBGRPUAEYWNSQKDILERTRAEADTVCRHNyGIEERTILQRRVEPTVTISPSRTEVLNHHNLLVCSVTDPYPGOIKVRWFRNDQEERAGWSTPLIR 


T- 


•A************************************************************************************************** 
********************************************************************************************************* 
*********************************************-- - - - - - - - - - - - - 


•L-A- 

-L-- 


--R---EMD-V---L . . R--L-T - P--K . . . - . ---QT-V . --- 

--R---BMD-V---L . R--L-T . F--K-- . . . QT- . 

. . K-  -AV-R - QL-L~  -T - A - A - T - 

. ED--SV . --,ql-l--T - - A - A-- . TT . 


2aca-DQB*01 

Zaca'DQB*02 

Zaca-DQB*03 

Zaca-DQH*04 

Zaca-DQB*Q5 

Zaca-DQB*06 

Zaca-DQB*07 

Zaca-DQB*08 

2aca-DQB*09 

2aca-DQB*10 

2aca-DQ3*ll 

MileDQBAFl 

MianDQBAFl 

MOSCDQBAYO 

MomoDQBUlS 

ArfoDQBAFl 

CafaDQBM90 

CafaDQBAFO 

HIADQBXM_0 

HLADQBXM_0 


cytoplasmic 

*  160  *  180  4  transmembrane  *  220  i  i 

NGDWTFQILVMLEICPQRGDVYTCHVEHPSLQGPITVEWRAQSBSAQSKMLSGIGGFVLGLIFLGLGLIIRHRSQKGPRGSLPAGLLH 


. - . S----- . - . 

. . . . — -s . . . . b . . . 

. s . - . - . 

_ Uy^I^TAMLLPALVSBPLL**  *****************************  *************** 


— —  — g  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  ^  — 

_ _ S - - - - --*****♦♦* - 

**************************************************************************************** 
****************************************************************  ************ 
ir-k*****************************************************  ********************************* 
kkkkk***** ********************************  ********************************************** 
**************************************************************************************** 
- - M - A---S - Q - - 


-A---S - 

. S - 

- N--I- 


. S---P - 

_ H _ ********* 

- _ H-- ********* 


Fig.  4  Amino-acid  sequence  identity  between  CSL  class  II  MHC 
clones,  human,  canine,  and  other  marine  mammal  DQP  sequences. 
Abbreviations  for  individual  species  MHC  molecules  are  as  de¬ 
scribed  for  Fig.  2.  The  complete  amino-acid  sequence  of  Zaca- 
DQB*01  is  shown.  Single  letters  and  dots  below  the  amino-acid 
sequence  represent  amino  acids  that  are,  respectively,  distinct 
from  or  identical  to  Zaca-DQB*0L  Asterisks  indicate  missing 
sequences.  Borders  of  each  domain  were  assigned  based  upon 
sequence  homology  between  Zaca-DQB*01  and  XM_0H391 
(Human  DQB,  GenBank  accession  no.  XM_0 11391) 


these  non-synonymous  substitutions  were  located  in  the 
putative  peptide-binding  groove  (Brown  et  al  1993; 
Stem  et  al.  1994),  only  one  of  them  coincided  with  poly¬ 
morphic  residues  in  dogs  (residue  30)  (Polvi  et  al.  1997) 


and  two  (residues  26  and  30)  with  those  described  in 
humans  (Brown  et  al  1993;  Stem  et  al.  1994). 

Three  of  the  Zaca-DQB  sequences  were  missing  nu¬ 
cleotides  representing  exact  and  complete  exons,  either 
exon  2  (1/3)  or  exon  5  (2/3)  (Fig.  2).  In  addition  to  their 
apparent  exon  deletions,  each  sequence  also  exhibited  a 
unique  nucleotide  substitution,  maintaining  their  discrete 
identity. 

As  with  Zaca-DQa  a  number  of  group-specific  resi¬ 
due  patterns  were  identified  by  inter-species  comparison. 
Zacfl-DQP  contained  an  otariid-specific  motif  at  residue 
26,  a  shared  motif  with  other  marine  and  terrestrial  car¬ 
nivores  at  amino  acid  position  52,  and  showed  homology 
with  terrestrial  carnivores  only  at  positions  84,  87,  108, 
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Fig.  5  Validation  of  limited  Zaca-DQ  sequence  variability  be¬ 
tween  individuals.  Both  Zaca-DQA-  or  Zaca-DQB-specific  prim¬ 
ers  were  used  to  amplify  sequences  containing  the  putative  pep¬ 
tide-binding  site  from  individuals  from  two  different  geographical 
locations.  This  figure  shows  products  of  these  reactions  from  a 
representative  subset  of  six  animals  compared  by  parallel  denatur¬ 
ing  gradient  gel  electrophoresis.  For  each  analysis  (Zaca-DQA  and 
Zaca-DQB)  an  identic^  single  band  (open  arrows)  was  observed 
in  all  animals  examined,  independent  of  geographical  location. 
The  sequence  identity  of  die  co-migrating  bands  was  confirmed  by 
direct  sequencing  of  products  from  the  extracted  gel  plugs 

and  125.  In  contrast  to  Zaca-DQp.^  no  sea-lion-specific 
motifs  were  identified  in  Zaca-DQ^.  However,  full- 
length  sequences  were  not  available  for  all  species. 

Validation  of  degree  of  Zaca-DQ  sequence  variation 
between  individuals 

To  determine  whether  the  limited  Zaca-DQ  sequence 
variability  was  consistent  across  individuals,  the  mobility 
patterns  of  partial  length  Zaca-DQA  and  ^ca-DQB  se¬ 
quences  from  19  individuals  were  compared  by  DGGE. 
For  both  Zaca-DQ  comparisons,  a  single  band  was  ob¬ 
served  from  each  individual  (Fig.  5).  Furthermore,  within 
both  the  -DQA  and  -DQB  comparisons,  the  single  bands 
showed  no  differences  in  gel  migration  between  individu¬ 
als  (Fig.  5).  While  this  finding  provided  strong  evidence 
for  Zaca-DQ  sequence  homology  between  individuals, 
bands  with  similar  migration  patterns  may  have  different 
sequences  (Aldridge  et  al.  1998).  Each  band  was  there¬ 
fore  extracted,  reamplified  and  directly  sequenced.  The 
results  showed  that,  for  the  gene  regions  examined,  the 
Zaca-DQ  sequences  were  identical  for  all  19  individuals 
(data  not  shown). 


Discussion 

Infectious  disease  is  the  major  cause  of  morbidity  and 
mortality  in  many  free-ranging  seal  populations.  There  is 
growing  concern  about  the  contribution  of  human  patho¬ 
gens  as  causes  of  disease  in  the  marine  environment 
(Harvell  et  al.  1999),  and  there  have  been  numerous 


studies  attempting  to  identify  these  pathogens.  There  are, 
however,  fewer  studies  examining  host  susceptibility  to 
emerging  infectious  diseases.  Furthermore,  conservation 
genetics  in  a  number  of  marine  species  have  expanded 
from  their  traditional  focus  on  levels  of  genetic  variation 
and  inbreeding  depression  in  small  declining  populations 
(Kretzmann  et  al.  1997),  to  include  assessment  of 
broader  issues,  such  as  the  spatial  and  temporal  aspects 
of  population  structure,  demographics  and  the  elucida¬ 
tions  of  systematics  and  phylogeny  at  any  scale  (Avise 
1998).  The  variability  and  immunological  importance  of 
the  genes  in  the  MHC  complex  make  them  ideal  for 
identifying  genetic  diversity,  particularly  in  relation  to 
pathogen  exposure,  both  at  an  individual  and  population 
level. 

The  isolation  and  characterization  of  transcribed  class 
II  MHC  gene  products  from  California  sea  lion  peripheral 
blood  lenlkoc)^s  revealed  sequences  with  a  similar  com¬ 
position  to  those  classified  as  DQA  and  DQB  in  other 
species.  Comparisons  of  the  derived  amino  acid  composi¬ 
tions  supported  the  classification  of  these  as  functional 
molecules  from  at  least  two  single  Zaca-DQA  gene  loci 
and  at  least  two  Zaca-DQB  gene  loci.  Three  additional 
Zaca-DQB  sequences  with  large  nucleotide  deletions 
causing  a  ftameshift  mutation  and  a  premature  stop  codon 
were  also  identified.  Since  the  sequences  flanking  the  ap¬ 
parent  deletion  showed  close  homology  with  traditional 
DQB  sequences  it  is  xmlikely  that  these  were  the  result  of 
PCR  aberrations.  They  more  likely  represent  nonsense 
transcripts  of  functional  alleles  (Voorter  et  al.  1997),  or 
products  of  pseudogenes,  arising  from  an  earlier  duplica¬ 
tion  of  a  traditional  DQB  locus  (Groenen  et  al.  1990). 
Investigation  of  genomic  DNA  in  additional  sea  lions 
would  be  necessary  to  accurately  classify  these  apparent 
null  alleles. 

In  this  study,  we  used  RACE  technology  to  amplify 
full-length  expressed  class  II  gene  sequences.  The  im¬ 
portance  of  this  approach  was  demonstrated  by  the  iden¬ 
tification  of  sequence  polymorphisms  throughout  the 
length  of  both  Zaca-DQA  and  Zaca-DQB  gene  products. 
Previous  studies  of  marine  mammal  MHC  have  only  ex¬ 
amined  single  exons  from  individual  class  II  MHC  genes 
(Hoelzel  1999;  Murray  and  White  1998;  Murray  et  al. 
1999;  Slade  1992).  While  these  studies  provide  useful 
information,  variation  at  one  part  of  a  gene,  or  one  gene, 
is  not  a  measure  of  variation  for  the  entire  ^^C  (Murray 
and  White  1998).  While  multiple  DQ  sequences  were 
derived  from  the  two  animals  examined,  the  degree  of 
heterogeneity  between  sequences  was  extremely  low.  In 
addition,  the  distribution  of  the  polymorphic  residues  in 
sea  lions  was  different  from  that  reported  in  other  spe¬ 
cies.  This  confirms  findings  in  other  pinniped  species 
(Slade  1992),  but  contrasts  sharply  with  the  correspond¬ 
ing  human  and  canine  DQ  genes  (Robinson  2001;  Polvi 
et  al.  1997;  Wagner  et  al  1998,  1999).  The  disparity  be¬ 
tween  the  extent  and  distribution  of  sequence  heteroge¬ 
neity  between  the  sea  lion  and  the  domestic  dog,  the 
closest  relative  with  an  extensively  characterized  MHC 
(Schreiber  et  al.  1998;  Wagner  et  al.  1999),  is  particu- 


345 


larly  significant  because  it  contradicts  the  well-estab- 
lished  concept  of  shared  residues  and  motifs  within 
and  between  species  (Bontrop  et  al.  1999;  Erlich  and 
Gyllensten  1991;  Fan  et  al.  1989;  Gustafsson  et  al.  1990; 
Kupfermann  et  al.  1992;  Slierendre^  et  al.  1992;  Yaeger 
and  Hughes  1999).  In  combination,  these  findings 
may  indicate  an  independent  (convergent)  evolution 
associated  with  pathogen  differences  between  the  marine 
and  terrestrial  environments,  or  may  bring  into  further 
question  the  concept  of  common  ancestral  lineages  be- 
tween  marine  and  terrestrial  carnivores. 

Conclusions  regarding  -DQ  variability  in  the  sea  lion 
population  could  not  be  drawn  from  the  initial  Zaca-DQ 
characterization  studies  because  of  the  small  number  of 
animals  included.  To  overcome  this  deficit,  the  putative 
Zaca-DQ  peptide  binding  sites  of  19  sea  lions  from  two 
geographically  distinct  regions  were  examined  by  DGGE 
and  direct  sequencing.  This  confirmed  that  the  lack  of 
Zaca-DQ  variability  appears  to  be  consistent  across  the 
sea  lion  population.  Wfiile  the  characterization  studies 
support  the  existence  of  multiple  loci  for  both  Zaca-DQA 
and  -DQB,  only  a  single  -DQA  and  -DQB  sequence  was 
amplified  from  each  of  the  19  animals.  This  can  be  easi¬ 
ly  explained,  since  the  DGGE-associated  primers 
flanked  a  region  that  appears  to  be  highly  conserved  be¬ 
tween  different  loci. 

It  is  difficult  to  make  conclusions  regarding  the 
immunological  importance  of  Zaca-DQ  molecules,  and 
their  apparent  lack  of  sequence  variability  without  func¬ 
tional  assays.  The  high  sequence  homology  with  DQ 
genes  from  other  mammalian  species  and  the  existence 
of  exon-5-deleted  sequences  in  Zaca-DQB  (Briata  et  al. 
1989;  Senju  et  al.  1992;  Tsukamoto  et  al.  1987)  support 
their  characterization  as  classical  class  II  MHC  genes. 
Furthermore,  the  high  proportion  of  non-synonymous 
nucleotide  substitutions  is  suggestive  of  positive  selec¬ 
tion  pressure  on  these  gene  loci  (Hughes  and  Yeager 
1998)  and  implies  a  functional  role  for  these  molecules 
in  pathogen-specific  immune  responses.  However,  sev¬ 
eral  features  do  not  support  a  traditional  role  for  the 
Zaca-DQ  molecules  in  peptide  binding.  These  include 
the  near-equal  numbers  of  non-synonymous  and  synony¬ 
mous  residue  substitutions  in  the  antigen  recognition 
site,  the  amino  acid  replacements  in  conserved  antigen 
recognition  site  positions,  the  high  number  of  non- 
synonymous  substitutions  in  non-peptide  binding  re¬ 
gions,  the  overall  lack  of  sequence  variation  and  the 
presence  of  exon-2-deficient  sequences.  In  fact,  the  un¬ 
usual  pattern  of  non-synonymous  and  synonymous  sub¬ 
stitutions  in  the  putative  peptide-binding  region  closely 
resembles  that  used  to  describe  non-classical  class  I 
genes,  and  as  evidence  for  an  evolutionary  link  to  their 
classical  counterparts  (Hughes  and  Nei  1989).  Clearly, 
there  are  insufficient  data  to  attribute  non-classical  char¬ 
acteristics  to  the  Zaca-DQ  genes  described  here.  In  fact, 
accurate  conclusions  regarding  the  character  of  Zaca-DQ 
molecules  are  limited  by  the  small  number  of  individuals 
examined  in  this  study.  It  will  be  important  to  conduct 
further  studies,  comparing  more  complete  Zaca-DQA 


and  Zaca-DQB  genotypes  between  ecologically  distinct 
sea  lion  populations,  to  further  characterize  these  genes 
and  their  products,  and  to  examine  the  dynamics  of  class 
II  MHC  variation  in  this  species. 

If  Zaca-DQa  and  -DQP  molecules  have  secondary 
immunological  roles,  then,  since  sea  lion  populations 
continue  to  thrive,  it  is  likely  that  the  products  of  a  dif¬ 
ferent  class  II  MHC  gene  are  responsible  for  peptide¬ 
binding  diversity  in  this  species.  While  the  MHC  is  poly¬ 
genic  in  other  species,  a  high  degree  of  polymorphism  is 
often  confined  to  one  or  two  genes  (Escayg  et  al.  1996; 
Fabb  et  al.  1993;  Klein  et  al.  1986;  Mikko  et  al.  1997; 
Wagner  et  al.  1999).  The  identification  of  a  polymorphic 
MHC  gene  in  sea  lions  would  be  important,  since  there 
are  several  studies  examining  exon  2  of  DQA  and  DQB 
genes  in  other  seal  species  that  are  used  as  evidence  for  a 
lack  of  MHC  diversity  in  pinnipeds  (Hoelzel  et  al.  1999; 
Slade  1992).  The  increasing  recognition  of  thriving  spe¬ 
cies  with  apparent  limited  MHC  polymorphism  has  also 
been  used  to  question  the  importance  of  MHC  diversity 
in  the  vulnerability  of  a  population  to  disease  (Mikko 
et  al.  1999).  If  a  yet  undiscovered,  more  polymorphic 
class  II  MHC  gene  exists  then  these  conclusions  may  be 
misleading.  The  most  likely  candidate  genes  are  those 
encoding  the  DRa  and  DRp  molecules,  which  have  been 
shown  to  be  polymorphic  in  some  terrestrial  carnivores 
(Sarmiento  et  al.  1990;  Wagner  et  al.  1996;  Yuhki  and 
O’Brien  1997). 

In  view  of  the  increasing  number  of  terrestrial  patho¬ 
gens  encroaching  on  the  marine  environment  (Bengston 
et  al.  1991;  Kennedy  et  al.  1988b;  Osterhaus  et  al. 
1988a),  studies  into  marine  mammal  immunology  are 
important  in  developing  strategies  to  avert  potentially 
catastrophic  epidemics,  particularly  in  declining  or 
threatened  populations  (Domingo  et  al.  1990;  Harvell 
et  al.  1999;  Kennedy  et  al.  1988a;  Osterhaus  et  al. 
1988;  Osterhaus  and  De  Vries  1988;  Osterhaus  1989; 
Osterhaus  et  al.  1997).  The  sequence  information  from 
this  study  raises  important  questions  regarding  immuno¬ 
logic  diversity  in  this  thriving  species.  In  addition  they 
provide  a  framework  from  which  further  studies  into 
the  California  sea  lion  MHC,  and  its  role  in  infectious 
disease  resistance,  can  be  designed. 

Acknowledgements  The  authors  thank  Brett  Russell  Smith, 
Dr  Jodi  Hedges,  and  members  of  the  Laboratory  for  Marine 
Mammal  Immunology,  University  of  Califomia-Davis,  for 
their  contributions  to  this  project.  We  would  also  like  to  thank 
Dr  Martin  Haulena  and  the  staff  and  volunteers  of  The  Marine 
Mammal  Center,  Sausalito,  Calif,  for  help  obtaining  the  samples 
used  in  this  study.  Experiments  described  in  this  paper  conform  to 
the  current  laws  in  the  United  States  regarding  the  care  and  use  of 
vertebrate  animals  for  research. 


References 

Aldridge  BM,  McGuirk  SM,  Clark  RJ,  Knapp  LA,  Watkins  D, 
Lunn  DP  (1998)  Denaturing  gradient  gel  electrophoresis:  a 
rapid  method  for  differentiating  BoLA-DRB3  alleles.  Anim 
Genet  29;  389-394 


346 

Altschul  SF,  Gish  W,  Miller  W,  Myers  EW,  Lipman  DJ  (1990) 
Basic  local  alignment  search  tool.  J  Mol  Biol  215:403-410 
Avise  JC  (1998)  Conservation  genetics  in  the  marine  realm.  Am 
Genet  Assoc  89:377-382 

Bengtson  JL,  Boveng  P,  Franz  U,  Have  P,  Heide-Joigensen  MP, 
Kirkinen  TJ  (1991)  Antibodies  to  canine  distemper  virus  in 
Antarctic  seals.  Mar  Mamm  Sci  7:  85-87 
Bodmer  JG,  Marsh  SGE,  Albert  ED,  Bodmer  WF,  Bontrop  RE, 
Dupont  B,  Erlich  HA,  Hansen  JA,  Mach  B,  Majr  WR, 
Parham  P,  Petersdorf  EW,  Sasazuki  T,  Schreuder  GMT, 
Strominger  JL,  Svejgaard  A,  Terasaki  PI  (1999)  Nomenclature 
for  factors  of  the  HLA  system,  1998.  Tissue  Antigens  53: 
407-446 

Bontrop  RE,  Otting  N,  de  Groot  NG,  Doxiadis  GGM  (1999) 
Major  histocompatibility  complex  class  11  polymorphisms  in 
primates.  Immunol  Rev  167:339-350 
Briata  P,  Radka  SF,  Sartoris  S,  Lee  JS  (1989)  Alternative  splicing 
of  HLA-DQB  transcripts  and  secretion  of  HLA-DQ  beta-chain 
proteins:  allelic  polymorphism  in  splicing  and  polyadenylation 
sites,  Proc  Natl  Acad  Sci  USA  86:1003-1007 
Brown  JH,  Jardetzl^  TS,  Gorga  JC,  Stem  U,  Urban  RG, 
Strominger  JL,  Wiley  DC  (1993)  Three-dimensional  structure 
of  the  human  class  11  histocompatibility  antigen  HLA-DRl. 
Nature  364:33-39 

Cesari  M,  Caillens  H,  Cadet  F,  Pabion  M  (1999)  In  vivo  analysis 
of  HLA-DQ  gene  expression  in  heterozygous  cell  lines.  Im- 
munogenetics  50:309-3 1 8 

De  Swart  RL,  Ross  PS,  Vos  JG,  Osterhaus  ADME  (1996)  Im¬ 
paired  immunity  in  harbour  seals  {Phoca  vituUna)  exposed  to 
bioaccumulated  environmental  contaminants:  review  of  a 
long-term  feeding  study.  Environ  Health  Perspect  104:823- 
828 

Dierauf  LA,  Vandenbroek  D,  Roletto  J,  Koski  M,  Amaya  L, 
Gage  LJ  (1985)  An  epizootic  of  leptospirosis  in  California  sea 
lions.  J  Am  Vet  Med  Assoc  187:1145-1148 
Domingo  MF,  Pumarola  M,  Marco  A,  Plana  J,  Kennedy  S, 
McAliskey  M,  Rima  BK  (1990)  MorbilUvirus  in  dolphins. 
Nature  348:21 

Erlich  HA,  Gyllensten  UB  (1991)  Shared  epitopes  among  HLA 
class  11  alleles  gene  conversion  common  ancestry  and  balanc¬ 
ing  selection,  Immunol  Today  12:411-414 
Escayg  AP,  Hickford  JGH,  Montgomery  GW,  Dodds  KG, 
B^ock  DW  (1996)  Polymotphism  at  Ae  ovine  major  histo¬ 
compatibility  complex  class  II  loci.  Anim  Genet  27:305- 
312 

Fabb  SA,  Maddox  JF,  Gogolinewens  KJ,  Baker  L,  Wu  MJ, 
Brandon  MR  (1993)  Isolation,  characterization  and  evolution 
of  ovine  major  histocompatibility  complex  class-li  DRA  and 
DQA  genes.  Anim  Genet  24:249-255 
Fan  W,  Gutknecht  J,  Klein  D,  Mayer  WE,  Jonker  M,  Klein  J 
(1989)  Shared  class  11  MHC  polymorphisms  between  humans 
and  chimpanzees.  Hum  Immunol  26:107-121 
Groenen  M^  van  der  Poel  JJ,  Dijkhof  RJ,  Giphait  MJ  (1990)  The 
nucleotide  sequence  of  bovine  MHC  class  II  DQB  and  DRB 
genes.  Immunogenetics  31:37-44 
GuUand  FMD  (1999)  Stranded  seals:  important  sentinels.  J  Am 
Vet  Med  Assoc  214:1191-1192 

Gustafsson  K,  Germana  S,  Hirsch  F,  Pratt  K,  LeGuem  C, 
Sachs  DH  (1990)  Structure  of  miniature  swine  class  11  DRB 
genes:  conservation  of  hypervariable  amino  acid  residues  be¬ 
tween  distantly  related  mammalian  species.  Immunology 
87:9798-9802 

Harvell  CD,  Kim  K,  Burkholder  JM,  Colwell  RR,  Epstein  PR, 
Grimes  DJ,  Hofmann  EE,  Lipp  EK,  Osteihaus  ADME,  Over- 
street  RM,  Porter  JW,  Smith  GW,  Vasta  GR  (1999)  Emerging 
marine  diseases  -  climate  links  and  anthropogenic  factors. 
Science  285:  1505-1510 

Hedrick  PW  (1994)  Evolutionary  genetics  of  the  major  histocom¬ 
patibility  complex.  Am  Nat  143:945-964 
Hoelzel  AR  (1999)  Impact  of  population  bottlenecks  on  genetic 
variation  and  the  importance  of  life  history;  a  case  study  of  the 
Northern  elephant  seal.  Biol  J  Linn  Soc  68:23-39 


Hoelzel  AR,  Stephens  J,  O’Brien  SJ  (1999)  Molecular  genetic 
diversity  and  evolution  at  the  MHC  DQB  locus  in  four  species 
of  pinnipeds.  Mol  Biol  Evol  16:61 1-S 
Hughes  AL,  Hughes  MK  (1995)  Natural  selection  on  the  peptide¬ 
binding  regions  of  major  histocompatibiUty  complex  mole¬ 
cules.  Immunogenetics  42:233-243 
Hughes  AL,  Nei  M  (1989)  Nucleotide  substitution  at  major  lusto- 
compatibility  complex  class  11  loci:  evidence  for  overdominant 
selection.  Proc  Natl  Acad  Sci  USA  86:958-962 
Hughes  AL,  Yeager  M  (1998)  Natural  selection  at  major  histo¬ 
compatibility  complex  loci  of  vertebrates.  Annu  Rev  Genet 
32:415-435 

Kennedy  S,  Smyth  JA,  McCullough  SJ,  Allan  GM,  McNeilly  F, 
McQuaid  S  (1988a)  Confirmation  of  cause  of  recent  seal 
deaths.  Nature  335:404 

Kennedy  S,  Smyth  JA,  Cush  PF,  McCullough  SJ,  Allan  GM, 
McQuaid  S  (1988b)  Viral  distemper  now  found  in  porpoises. 
Nature  336:21 

Klein  J,  Sato  A  (2000a)  The  HLA  system:  first  of  two  parts.  N 
En^JMed  343:702-709 

Klein  J,  Sato  A  (2000b)  The  HLA  system:  second  of  two  parts.  N 
Engl  J  Med  343:782-786 

Klein  J,  Takahata  N  (1990)  The  major  histocompatibility  complex 
and  the  quest  for  origins.  Immunol  Rev:  5-26 
Klein  J,  Fi^eroa  F,  Cohen  N  (1986)  Evolution  of  the  major  histo¬ 
compatibility  complex.  Crit  Rev  Immunol  6:295-386 
Klein  J,  Bontrop  RE,  Dawkins  RL,  Erlich  HA,  Gyllensten  UB, 
Heise  ER,  Jones  PP,  Parham  P,  Wakeland  EK,  Watkins  D 
(1990)  Nomenclature  for  the  major  histocompatibility  com¬ 
plexes  of  different  species:  a  proposal.  Immunogenetics 
31:217-219 

Knapp  LA,  Cadavid  LF,  Eberle  ME,  Knechtle  SJ,  Bontrop  RE, 
Watkins  DI  (1997)  Identification  of  new  mamu-DRB  alleles 
using  DGGE  and  direct  sequencing,  Immunogenetics  45:171-9 
Kretzmann  MB,  Gilmartin  WG,  Meyer  A,  Zegers  GP,  Fain  SR, 
Taylor  BF,  Costa  DP  (1997)  Low  genetic  variability  in  the 
Hawaiian  Monk  seal.  Conserv  Biol  11:  482-490 
Kupfermann  H,  Mayer  WE,  Ohuigin  C,  Klein  D,  Klein  J  (1992) 
Shared  polymorphism  between  gorilla  and  human  major  histo¬ 
compatibility  complex  DRB  loci.  Hum  Immunol  34:267- 
278 

McKenna  MC,  Bell  SK  (1997)  Classification  of  mammals. 
J  Vertebr  Paleontol  17:64A 

Mikko  S,  Spencer  M,  Morris  B,  Stabile  S,  Basu  T,  Stormont  C, 
Anderson  L  (1997)  A  comparative  analysis  of  MHC  DRB3 
polymorphism  in  the  American  bison  (Bison  bison),  J  Hered 
88:499-503 

Mikko  S,  Roed  K,  Schmutz  S,  Andersson  L  (1999)  Monomor¬ 
phism  and  polymorphism  at  MHC  DRB  loci  in  domestic  and 
wild  ruminants.  Immunol  Rev  167:169-178 
Murray  BW,  White  B  (1998)  Sequence  variation  at  the  major  his¬ 
tocompatibility  complex  DRB  loci  in  beluga  (Delphinapterus 
leucas)  and  narwhal  (Monodon  monoceros).  Immimogenetics 
48:242-252 

Murray  BW,  Michaud  R,  White  BN  (1999)  Allelic  and  haplotype 
variation  of  major  histocompatibility  complex  class  11  DRBI 
and  DQB  loci  in  the  St  Lawrence  beluga  (Delphinapterus 
leucas).  Mol  Ecol  8:1127-1139 

Nei  M,  Gojobori  T  (1986)  Simple  methods  for  estimating  the 
numbers  of  synonymous  and  nonsynonymous  nucleotide  sub¬ 
stitutions.  Mol  Biol  Evol  3:418-426 
Osterhaus  A  (1989)  A  morbilUvirus  causing  mass  mortality  in 
seals.  Vaccine  7:483-484 

Osterhaus  A,  De  Vries  EJ  (1988)  Identification  of  vims  causing 
recent  seal  deaths.  Nature  335:20 

Osteihaus  A,  De  Vries  EJ,  UytdeHaag  FG,  Klingebom  B, 
Zamke  R  (1988)  Canine  distemper  virus  in  seds.  Nature 
335:403-404 

Osterhaus  A,  Groen  J,  Niesters  H,  van  de  Bildt  M,  Martina  B, 
Vedder  L,  Vos  J,  van  Egmond  H,  Abou-Sidi  B,  Barham  ME 
(1997)  MorbiUivirus  in  monk  seal  mass  mortality.  Nature 
388:838-9 


347 


Paul  WE  (1999)  Fundamental  immunology,  4th  edn.  Lippincott- 
Raven,  Philadelphia 

Polvi  A,  Garden  O,  Elwood  CM,  Sorensen  SH,  Batt  RM,  Maki  M, 
Partanen  J  (1997)  Canine  major  histocompatibility  complex 
genes  DQA  and  DQB  in  Irish  setter  dogs.  Tissue  Antigens 
49:236-43 

Raddrizzani  L,  Stumiolo  T,  Guenot  J,  Bono  E,  Gallazzi  F, 
Nagy  ZA,  Sinigaglia  F,  Hammer  J  (1997)  Different  modes  of 
peptide  interaction  enable  HLA-DQ  and  HLA-DR  molecules 
to  bind  diverse  peptide  repertoires.  J  Immunol  1 59:703-1 1 

Reizis  B,  Eisenstein  M,  Mor  F,  Cohen  IR  (1998)  The  peptide¬ 
binding  strategy  of  the  MHC  class  11 1-A  molecules.  Immunol 
Today  19:212-216 

Robinson  J,  Waller  M,  Parham  P,  Bodmer  JG,  Marsh  SGE  (2001) 
IMGT/HLA  Database  -  a  sequence  database  for  the  human  ma¬ 
jor  histocompatibility  complex.  Nucleic  Acids  Res  29:210-213 

Sarmiento  UM,  Sarmiento  J,  Stoib  R  (1990)  Allelic  variation  in 
the  DR  subregion  of  the  canine  major  histocompatibility  com¬ 
plex.  Immunogenetics  32:13-19 

Sarmiento  UM,  Derose  S,  Sarmiento  Jl,  Stoib  R  (1992)  Allelic 
variation  in  the  DQ  subregion  of  the  canine  major  histocom¬ 
patibility  complex.  1.  DQA.  Immunogenetics  35:416-420 

Sarmiento  UM,  Derose  S,  Sarmiento  JI,  Storb  R  (1993)  Allelic 
variation  in  the  DQ  subregion  of  the  canine  major  histocom¬ 
patibility  complex.2.  DQB.  Immunogenetics  37:148-152 

Schreiber  A,  Eulenberger  iC  Bauer  K  (1998)  Immunogenetic  evi¬ 
dence  for  the  phylogenetic  sister  group  relationship  of  dogs 
and  bears  (Mammali^  Carnivora:  Canidae  and  Ursidae), 
a  comparative  determinant  analysis  of  camivoran  albumin, 
c3  complement  and  immunoglobulin  micro-chain.  Exp  Clin 
Immunogenet  15:154-170 

Senju  S,  Kimura  A,  Yasunami  M,  Kamikawaji  N,  Yoshizumi  H, 
Nishimura  Y,  Sasazuki  T  (1992)  Allele-specific  expression  of 
the  cytoplasmic  exon  of  HLA-DQBl  gene.  Immunogenetics 
36:319-325 

Sheffield  VC,  Cox  DR,  Lerman  LS,  Myers  RM  (1989)  Attach¬ 
ment  of  a  40-base-pair  G+C-rich  sequence  (GC-clamp)  to  ge¬ 
nomic  DNA  fragments  by  the  polymerase  chain  reaction  re¬ 
sults  in  improved  detection  of  sin^e-base  changes.  Proc  Natl 
Acad  Sci  USA  86:232-236 

Slade  RW  (1992)  Limited  MHC  polymorphism  in  the  Southern 
elephant  seal:  implications  for  MHC  evolution  and  marine 
mammal  population  biology.  Proc  R  Soc  Lond  B  249:163-171 


Slierendregt  BL,  Van  Noort  JT,  Bakas  RM,  Otting  N,  Jonker  M, 
Bontrop  RE  (1992)  Evolutionary  stability  of  trmisspecies 
major  histocompatibility  complex  class  11  DRB  lineages  in 
humans  and  rhesus  monkeys.  Hum  Immunol  35:29-39 

Stem  U,  Brown  JH,  Jardet2ky  TS,  Gorga  JC,  Urban  RG,  Strominger 
JL,  Wiley  DC  (1994)  Crystal  stmeture  of  die  human  class  II 
MHC  lutein  HLA-DRl  complexed  with  an  influenza  virus  pep¬ 
tide.  Nature  368:2 1 5-22 1 

Tsukamoto  K,  Yasunami  M,  Kimura  A,  Inoko  H,  Ando  A, 
Hirose  T,  Inayama  S,  Sasazuki  T  (1987)  DQw-l-beta  gene 
from  HLA-DR2-dwl2  consists  of  six  exons  and  expresses 
multiple  D(^-l-beta  polypeptides  through  alternative  splic¬ 
ing.  Immunogenetics  25:343-346 

Vogel  TU,  Evans  DT,  Urvater  JA,  O’Connor  DH,  Hughes  AL, 
Watkins  DI  (1999)  Major  histocompatibility  complex  class  I 
genes  in  primates:  Co-evolution  with  pathogens.  Immunol  Rev 
167:327-337 

Voorter  CE,  Roeffaers  HE,  du  Toit  ED,  van  den  Berg-Loonen  EM 
(1997)  The  absence  of  DR51  in  a  DRB5-positive  individual 
DR2ES  is  caused  by  a  null  allele  {DRB5*0108N),  Tissue  Anti¬ 
gens  1997:318-21 

Wagner  JL,  Burnett  R,  Storb  R  (1996)  Molecular  analysis  of  the 
DLA  DR  region.  Tissue  Antigens  48:549-53 

Wagner  JL,  Hayes-Lattin  B,  Works  JD,  Storb  R  (1998)  Molecular 
analysis  and  polymorphism  of  the  DLA-DQB  genes.  Tissue 
Antigens  52:242-250 

Wagner  JL,  Burnett  R,  Storb  R  (1999)  Organization  of  the  canine 
major  histocompatibility  complex;  current  perspectives.  J  Hered 
90*35—38 

Yaeger  M,  Hughes  AL  (1999)  Evolution  of  the  mammalian  MHC: 
natural  selection,  recombination,  and  convergent  evolution. 
Immunol  Rev  167:45-58 

Yuhki  N,  O’Brien  SJ  (1990)  DNA  variation  of  the  mammalian 
major  histoconqjatibility  complex  reflects  genomic  diversity 
and  population  history.  Proc  Natl  Acad  Sci  USA  87:836- 
840 

Yuhki  N,  O’Brien  S  (1997)  Nature  and  origin  of  polymorphism  in 
feline  MHC  class  11  DRA  and  DRB  genes.  J  Immunol 
158:2822-2833 

Zinkemagel  RM  (1979)  Associations  between  major  histocompat¬ 
ibility  antigens  and  susceptibility  to  disease.  Annu  Rev  Micro¬ 
biol  33:201-213 


